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PREFACE 


In 1922, the writer published a small volume entitled The Production 
and Measurement of High Vacua. This work consisted of a revision of 
a series of articles which had appeared in the General Electric Review 
during 1920-1921. The following quotation is taken from the Preface 
to that volume: 

^‘The subject of high vacua has become of such technical and scientific 
importance that it is hardly necessary to apologize for attempting to 
incorporate the information available on this topic into a convenient 
form for reference. 

^‘Naturally the author has drawn to a large extent upon the results of 
numerous investigations carried out in this laboratory by Dr. Langmuir 
and his associates. To Dr. Langmuir, especially, he wishes to express 
his sincere gratitude for constant en(‘Ouragement and helpful suggestions. 

^‘Ile also feels greatly indebted to Dr. Whitney for constant interest 
in the present undertaking, and for placing at his disposal the facilities 
of the laboratory for pursuing various lines of purely scientific work.^^ 

To Dr. W. D. Coolidge, the former Director of the Research Labora- 
tory, and Dr. C. G. Suits, the present Director, the writer feels likewise 
indebted for encouraging him in an extensive revision of the earlier 
work and for their continued interest in the present undertaking. 

During the quarter century that has intervened, the subject of vacuum 
technique has increased in importance to such an extent as to necessitate 
not only a complete revision of the material in the previous volume but 
also the addition of a number of new topics. 

The industrial and scientific importance of the investigations in this 
field that have been published during the past twenty-five years, and 
which are being increased almost daily, was emphasized by the large 
attendance at the Symposium on Vacuum Technique held at Cambridge, 
Mass., October 30-31, 1947, under the sponsorship of the National 
Research Corporation and Division of Industrial and Engineering 
Chemistry of the American Chemical Society. 

The interest in vacuum technique which was initiated by the develop- 
ment of the incandescent-filament vacuum lamp and received an 
additional impetus by the subsequent developments in the study and 
production of electronic devices was accelerated by certain extremely 
important problems which arose during the second world war. 
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The importance of vacuum technique both in purely scientific inves- 
tigations and in industry is evident from a brief summary of some of the 
most striking applications. In the electronic field we have the vast 
range of devices from the smallest receiving tul)e to the 100-kw trans- 
mitting tube, in the field now designated nucleonics we have high-voltage 
devices such as the cyclotron, betatron, and synchrotron, as well as 
2-million-volt X-ray tubes. Moreover, the industrial utilization of 
vacuum distillation, vacuum (h^hydratioii, and vacuum fusion of metals 
has increased to a significant extent. In short, vacuum technique has 
emerged from the purely scientific environment of tlie leseai-ch laborat(jry 
and has entered the enginec'ring stage on a scale that could not have 
been conceived even as recently as two decades ago. 

In this treatise the writer has not dealt sj)ecially with experimental 
procedures for using vacuum t.e(‘hni(pie in the same manner as in 
Strong’s book, Procedures in Experimental Physics, or the more recent 
work by Bachman, Technicpies in Experimental Electronics, He has 
attempted to present a siuvey of fundamental ideas in physics, chemis- 
try, and (to a smaller extent) metallurgy, which will be found useful to 
both scientists and engineers in dealing with problems in the production 
and measurement of high vacua. 

The writer appreciates the criti(*isms, suggestions, and information 
which he has received from a number of his associates in the Research 
Laboratory and from friends engaged in the industrial a])pli(!ations of 
vacuum tcchnolog3^ Every effort has l^ecn made to give credit to 
those individuals and organizations, in connection with the specific 
topics. 

Finally, the writer wishes to express his appreciation of the help in 
typing the manuscript, and for subsequent details which had to be 
worked out while the volume was going through the press, to Miss 
Constance Edwards, his former secretary, Miss Gloria Feola, his present 
secretary, Mrs. Rose Hunton, and Miss Jean Oldham. 
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CHAPTER H 


KINETIC THEORY OF GASES 


1. FUNDAMENTAL POSTULATES OF THE KINETIC THEORY 

OF GASES 

For a proper und(‘rstaii(ling oi phenomena in gases, more especially 
at low pressures, il is (‘sseulial to consider these phenomena from the 
point of view of the kinetic tlu'ory of gases. This theory rests essen- 
tially upon two fundamental assumptions. The first of these postulates 
is that mafJer is made up of (extremely small particles or molecules, and 
that the molecules of the same chemical sulistance are exactly alike as 
regards size, shape, mass, and so forth. The second postulate is that 
the molecules of a gas are in constant motion, and this motion is inti- 
mately related to the temp(u*ature. fn fact, the temperature of a gas 
is a maiiih'staf ion of the amount or intensity of molecular motion. 

In the case of monatomic molecules (such as those of the rare gases 
and vapors of most metals) the effect of inci*eased temperature is evi- 
denced by iiK^reased translational (kinetic) energy of the molecules. 
In the casti of diatomic and polyatomic molecules increase in tempera- 
ture also in(a*eases rotational energy of the molecule about one or more 
axes, as well as \dbrational energy of the constituent atoms with respect 
to mean positions of e(]uilibrium. However, in the following discussion 
only the effect on translational energy will be considered. 

2, IDEAL GAS LAWS 

According to the kinetic theory a gas exerts pressure on the enclosing 
walls because of the impact of molecules on these walls. Since the gas 

^ In connection with this chapter the writer has made use of the following treatises. 
The abbreviations used for these references in this volume are indicated in parenthe- 
ses. 

1. E. H. Kennard, Kinetic Theory of Gases with an Introduction to Statistical 
Mechanics, McGraw'-Hill Book Company, New Y"ork, 1938 (P]HK). 

2. L. B. Loeb, Kinetic Theory of Gases, McGraw-Hill Book Company, New York, 
2nd ed., 1934 (LBL). 

3. J. H. Jeans, An Introduction to the Kinetic Theory of Gases, The Macmillan 
Company, New York, 1940 (JHJ). 

4. S. Chapman and T. G. Cowling, The Mathematical Theory of Non-Uniform 
Gases, Cambridge, England, The University Press, 1939 (CC). 
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suffers no loss of energy through exerting pressure on the solid wall of 
its enclosure, it follows that each molecule is thrown back from the wall 
with the same speed as that with which it impinges, but in the reverse 
direction; that is, the impacts are perfectly elastic. 

Suppose a molecule of mass m to approach the wall with velo(*ity v. 
Since the molecule rebounds with the same speed, the change of momen- 
tum per impact is 2mr. If v molecules strike unit area in unit time with 
an average velocity the total impulse exerted on the unit area per unit 
time is 2mv\^. But the pressure is defined as the rate at which momentum 
is imparted to a unit area of surface. Hence, 

2mvv = P. (la) 

It now remains to calculate v. Let n denote the number of molecules 
per unit volume. It is evident that at any instant we can consider the 
molecules as moving in six directions corresponding to tlie six faces of a 
cube. Since the velocity of the molecules is v, it follows that, on the 
av^erage, (a/O)/’ mol(M*ul(‘s will cross unit area in unit time. 

Equation la therefore becomes 

P = Imriv", {\b) 

Since 

mn = p, (2) 

where p denotes the density, ecpiation 16 can be expressed in the form 

P = W, (3) 

which shows that, at constant temperature, the pressure varies directly 
as the density, or inversely as the volume. This is known as Boyle’s law. 

Also, from equation 16 it follows that the total kinetic energy of the 
molecules in volume V is 

^mnv^V = ^PV, (4) 

Now it is a fact that no change in temperature occurs if two different 
gases, originally at the same temperature, are mixed. This result is 
valid independently of the relative volumes. Consequently, the average 
kinetic energy of the molecules must be the same for all gases at any 
given temperature and the rate of increase with temperature must be 
the same for all gases. We may therefore define temperature in terms 
of the average kinetic energy of the molecules, and this suggestion leads 
to the relation 

= ^kT, ( 5 ) 

where T is the absolute temperature (degrees Kelvin), defined by the 
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relation T = 273.10 t {t ^ degrees Centigrade), and is a universal 
constant^ known as the Boltzmann constant. 

Combining equation 5 with 4, it follows that 

P = ukT. (6) 


This is an extremely useful relation, as will l)e shown subsequently, for 
the determination of 7i for given values of P and T, Also, from equation 
2 and the last e(}uation, it follows that 


that is. 


P = - pT, 
m 



p m 


(7«) 

in) 


which is known as Charles^ law. 

Lastly, let us consider cfpial volumes of any two different gases at the 
same values of P and T. Since P and V are respectively the same for 
ea(*h gas, and ^mti^ is constant at constant value of T, it follows from 
equations 4 and 0 that n must be the same for both gases. That is, 
equal volumes of all gases at any given values of lemperalure and pressure 
contain an equal number of molecides. This was enunciated as a 
fundamental principle by Avogadro in 1811, but it recjuired about 50 
years for chemists to understand its full significance. 

On the basis of Avogadro’s law the molecular mass, M, of any gas or 
vapor is defined as that inass in grams, calculated for an ideal gas, which 
occupies, at 0° C and 1 atmosphere, a volume^ 

F() - 22,414.6 ciiv^ 


This is therefore designated the inolar volume, and the equation of 
state for an ideal gas can be written in the form 

PV = jj-R,T, (8a) 

^ The values given for To and other constants in this and subsequent sections are 
those recommended by R. T. Birge, Reports on Progress in Physics, Vol. VIII, 90, 
1941. The original paper gives, for each constant, the probable error. While the 
values are stated to the same number of decimal points as by Hirge, it is evident that 
for most calculations values rounded out to an accuracy of 0.1 per cent are suf- 
ficiently satisfactory. [A more recent discussion (Am. J. Phys., 13 , 63, 1945) leaves 
the 1941 values substantially unaltered.] 

As far as possible the notation used for the constants is the same as that given by 
Birge. For Rq, the molar gas constant, writers on the kinetic theory of gases often 
use the notation Rj^ov R. On the other hand, R is also used to designate Rq/M. 
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where W = mass in grams. 

M = molecular mass in grams. 

= a universal constant. 

V = volume of W grams at pressure P and absolute tempera- 
ture T. 

It is convenient to express the last equation in the form 

PF = Wat . PoP, m 

where um denotes the number of moles (corresponding to M in grams) 
in the volume V under the given conditions of temperature and pressure. 

Obviously the exact value to be used for Po must depend upon the 
units in which P, F, T, and W are expressed. 

In the cgs system the unit of pressure is 1 dyne per cm^. This is 
designated, according to the most recent terminology,^ 1 microbar 
(= 10"”^ bar). 

The standard atmosphere (Aq) is defined as the pressure exerted per 
square centimeters by a mercury column 760 mm in height, at 0° C. 
Since the density of mercury at 0° C is 13.595 g/cm'^, it follows that 

1 Ao = 76 X 13.595 = 1033.22 g • cm'^ 

= 1033.2 X 980.67 = 1.01325 • 10^ microbar. 

Hence, 10® microbar = 1 bar = 750.06 mm Hg, and 10^ microbar = 
1 millibar — 0.75 mm Hg. 

In vacuum technology the units of pressure commonly used are the 
following:'^ 

^ Formerly the designations used were as follows: 1 bar (ca. 1916), and 1 barye 
(1920-1930, approximately); and what is now designated 1 bar was termed a 
megabar. 

^ In German literature, 1 Tor (or 1 Torr) is used to designate 1 mm Hg pressure. 
In engineering literature the following units are frequently used : 

1 Ao = 29.921 in. Hg at 32° F 
= 14.696 Ib/in.^ (psi). 

X psig = X Ib/in.^ on gauge 

= X Ib/in.^ above atmospheric pressure. 

Also, in the mks system, 

1 newton = 10® dynes, 

and 

1 newton /cm^ =*0.1 bar = 10® microbars. 

While the notation P will be used to designate pressure, in general, the notations 
Pb, Patmt Pfibt Pmm, and P^ will be used to designate the pressure in bars, atmospheres, 
microbars, millimeters, and microns, respectively. 
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1 mm Hg = 1333.22 microbar = 1.333 millibar. 

1 micron = 1 /i = 10~® mm Hg 

= 1.3332 microbars. 

10~® micron = 1 m^ = 1.333 • 10 "^ microbar. 

Hence, 1 microbar = 0.76 n. 

The unit of volume in the cgs system is 1 cm®, and that of mass, 1 g. 
In industrial operations, these are commonly replaced by the liter, 
cubic foot (cu ft), and ounce (or pound) avoirdupois. 

For temperature we have the absolute Centigrade or Kelvin scale 
(T = <° C + 273.16) or the absolute Fahrenheit scale® (Tp = <° F + 
459.7). 

It should be observed, as a matter of considerable practical importance, 
that (to within 0.12 per cent) there is approximately the same relation 
between liters and cubic feet as between grams and ounces avoirdupois ; 
that is, 

1 liter = 0.035316 cu ft (reciprocal = 28.316), 

and 

1 gram = 0.035274 oz av (reciprocal = 28.3495). 

Ratio = 1 . 0012 . 


By means of these conversion factors we obtain the following values 
for 


_ 760 X 22.415 _ 02.354 mm . uter • deg ^ K • g-mole * 
273.16 


1.01325 X 10® X 22,415 
273.16 


8.3146 • 10 ^ erg • deg ^ K • g-mole ^ 


= 62.364 X 0.035316 = 2.2024 mm • cu ft • deg~^ K • g-mole“^ 
= 2.2024 X 28.3495 = 62.439 mm • cu ft • deg“* K • oz-mole“* 
= 62.439 X 16 = 999.024 mm • cu ft • deg~^ K • lb-mole~^ 


I 


760 X 22.415 X 1.0012 
(459.7 + 32) 


= 34.687 mm • cu ft • deg * 3Pp • oz-mole ^ 


It will be observed that the last three relations refer to the molecular 
weight expressed in oz av or lb av. 

‘Tf is designated “degrees Rankine.” 

Walues in other units may be deduced in a dmilar manner. 
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In dealing with gases at low pressures, it is convenient to express the 
quantity of gas (Q = PV) in the following units: 

1 fi'l = quantity of gas in 1 liter at 1 micron. 

1 mm • cu ft = quantity in 1 cubic foot^at 1 mm. 

1 mm • I = 10^ • 1. 


Since the amount (or mass) of gas in a given volume depends upon 
the temperature as well as the pressure, we shall assume, unless other- 
wise stated, that we are dealing with an ideal gas at room temperature, 
that is, 25° C.^ 

Let Qi and Qc designate the number of micron • liters and mm • cu ft, 
respectively. Then, at 25° C, 


Qi 


io~^ 

62.364 X 298.16 


Qc 


1 

2.2024 X 298.16 


Qc 


1 

62.439 X 298.16 


5.3779 • 10-» Q, g-mole 
5.3779 • 10“® QiM g, 
1.5228 • 10-3 Qc g-mole 
1.5228 • 10-3 QcM g, 
5.3715 • 10-3 QcM' oz av, 


where M' = molecular weight in oz av; {M' for O 2 = 32.0.) 
Introducing the mechanical equivalent of heat, , 


Ji 5 = 4.1855 • 10^ erg • calls S 


we obtain the relation 


J i&ffo = 


8.3146 

4.1855 


= 1.98647 calls • deg * • g-mole *. 

^ The following additional conversion factors will be found useful: 
1 f. • 1 (26° C) = 0.9162 micron • liter at 0° C 
s* 1.205 atm • mm* at 0° C 
= 1.316 atm • mm* at 25° C 
= 3.240 • 10** molecules (see section 3) 
‘ =• 0.0353 micron • cu ft at 26° C. 
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From the values given above for Rq the following relations are derived 
for the density: 


p = mn 


M ^ MP^i, 

Vo RoT 


= 1.2027 • 10-« g • cm-3 

= 1.6035 • 10-® g • cm-® 


(9) 


where Pub = pressure in microbars. 

Pmm = pressure in millimeters of mercury. 
Pi^ = density at 1 microbar and 0® C 
= 4.403 • 10 “^^ M, 


Values of pi^ for a number of gases are given in the fourth column of 
Table 3. 

In terms of cubic feet and millimeters of mercury ^ 


P = = 0.45405MPWr g/cuft 

M'P 

= 3X68 " ^ ;== 0.02883M'P^^/r^ oz/cuft. 


3. AVOGADRO NUMBER 


Avogadro^s law states that the number of molecules per gram-molecu- 
lar mass is a constant, which is designated N a- Although a number of 
different metl^ods have been used for the determination of this constant, 
the most accurate method depends upon the determination of both the 
Faraday (P) and the charge of the electron (e). 

For the deposition of one gram-equivalent the most accurate value is 

F = 96,488 absolute coulombs. 


Assuming that each univalent ion has a charge equal in magnitude to 
that of one electron, 


Na 
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The accepted value of the charge of the electron is 
e = 4.8025 • 10""^® absolute esu 

= 10 - absolute coulombs, 
c 

where c = velocity of light = 2.99776 • 10^° cm • 8ec“^. Hence 
e = 1.60203 • 10~^® absolute coulomb 

and 

Na = 6.0228 • 102® mole“b 

From equations 2.6 and 2.8 it follows that for the molar volume 

NAkT 

V 

and hence 

( 1 ) 

Na 

= 1.3805 • 10“*® erg • deg"* K. 

From equation 2.5 it also follows that the average kinetic energy per 
molecule is given by 

= 2.0707 • 10-‘®r erg 
= 5.6565 • 10-1^ erg at 0° C. (2) 

The mass per molecule is evidently 


M 



= 1.66035 ■ Vr^*M g. (3) 

The second and third columns in Table 3 give, respectively, values of 
M and m for a number of gases. 

From equation 2.6 it follows that 

n - number of molecules- per cm® 

p 

= 7.244 • 10‘® where P is given in microbars (4o) 

p 

= 9.656 • 10^* where P is given in millimeters. (46) 

Table 1 gives values of n for a series of values of T and P^b or Pmm- 
The value n = 2.687 • 10^® is known as the Loschmidt number. 
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TABLE 1 


Number of Molecules per Cm^ 


T 

P ftb 

P mm 

n 

273.16 

1.0133- 10" 

760 

2.687-10" 

298.16 

1.0133 - 10« 

760 

2.462- 10" 

273.16 

1.333 - 10» 

1 

3.636- 10" 

298.16 

1.333- 10’ 

1 

3.240-10" 

273.16 

1.000 

7.50- 10“^ 

2.653 - 10" 

298.16 

1.000 

7.60 - 10“^ 

2.430- 10" 


4. MOLECULAR VELOCITIES. MAXWELL-BOLTZMANN 
DISTRIBUTION LAWS 


It is evident that there must be a non-uniform distribution of veloc- 
ities among all the molecules in a given volume because of the constant 
occurrence of collisions. J. C. Maxwell and L. Boltzmann showed that 
it is possible to determine the law according to which the molecular 
velocities are distributed at any given temperature. 

The form of the distribution law differs according to the particular 
type of velocity distribution of interest. If we let y, and i designate 
the components, along the three coordinate axes, of the randomly 
directed velocity v, then 

( 1 ) 


and the distribution function, /*, with respect to, say, i is given by the 
relation 


j. ^ _ 
N dx 


(—T 

\2TkTj 


— mi2/(2*T) 

* t 


( 2 ) 


where N = number of molecules in the volume under consideration. 
The distribution function for all three components of v has the form 


1 dN , / m Y _2C£+^) 

Ndid^di \2TkTj 


With respect to the polar coordinates 6 and <l>, 
I dN . _ f m Y 


N dvdddip 


sin.. 


(3) 

(4) 


The most important distribution function is that with respect to 
vina random direction, which is given by the relation 


N dv 





( 5 ) 
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Differentiating fv with respect to t;, it is observed that the maximum 
value occurs for 


hkT 

V = a = ^ 

\ m 


( 6 ) 


Hence a corresponds to the value of the most probable velocity y which 
is given by the relation 




cm • sec 


.-1 


In terms of c = v/a^ we can express equation 5 in the form 

^ ^ ^ ^ = i£!- -c» 

dc N dc •'* ' 


( 7 ) 


( 8 ) 


where c varies from 0 to oo, and dy fc dc) corresponds to the fraction 
of the total number of molecules which have values of c ranging between 
c and c + dc. Hence 


poo 

S,dc-\. 


(9o) 


From the last equation we derive the value of the arithmetical average 
velocity y Va = otCay where 


Ca — 


[ 


dc 


dc 


V" IT 


= 1.1284, 


and 


/SBoT , . _ 

Va = \ — 77 ~ from equation 7 
\ xM 


cm • sec 


( 10 ) 


The root-mean square velocity, Vr, corresponds to the square root of the 
average value of as derived from equation 2.5 and is therefore given 
by the relation 


3ftoT 

M 


V, - ,j' 


cm • sec 


(11) 


= CfOt 
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and 

C, = \/| = 1.2247 
= 1.0854ca. 



0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0 2.2 24 

corx 


Fig. 1. Plots illustrating Maxwell-Boltzmann distribution laws. Plot /c shows 
distribution function for random velocity, c expressed in terms of the most probable 
velocity a; plot/x shows distribution function for energy, B, in terms of x (kT); 
y corresponds to the fraction of the total number of molecules for which the random 
velocity (expressed in terms of a) is less than or equal to a given value c. 

The second column in Table 2 gives values of fe for a series of values 
of c, and Fig. 1 shows a plot of these data, on which the values of /« are 
indicated for the values c = 1, 1.1284, and 1.2247, respectively. 

The integral , 

gives the fraction of the total number of molecules which have a random 
velocity ejttol to or less than that corresponding to the value c, or to 
V = etc. The third and fourth columns in Table 2® show values of y 
and of by, where by gives the fraction of the total number which have 

* A similar table is given in appendix B, p. 678, of Oaseous Conduces by J. D. 
Cobine, McGraw-Hill Book Company, 1941. 
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velocities (in terms of a as a unit) ranging between c and the immediately 
preceding value of c. Thus, 8.35 per cent of the molecules have veloc- 
ities between c = 1 and c = 1.1, and 42.76 per cent have velocities equal 
to or less than the most probable value. The values in parentheses are 
those of (1 ~ !/). A plot of y versus c is shown in Fig. 1. 

It is evident that y corresponds to the area under the curve for/c from 
the origin to the given value of c. 

From equation 5 the distribution formula for translational energy {E) 
can be derived. It has the form 


i = / =r ^ JL —ElikT) 
N dE y/:;,kT\kT' 


( 12 ) 


Substituting the variable x = E/(kT)f the last equation becomes 


1 dN ^ fix 

iv ^ ' 


(13) 


TABLE 2 


Values of /<-, y , and /-, Illustrating Application of Distribution Laws 


c 

fc 

y 

Ay 

X 

fx 

0 

0 

0 


0 

0 

0.1 

0.0223 

0.0008 

0.0008 

0.05 

0.2401 

0.2 

.0867 

.0059 

.0051 

0.1 

.3229 

0.3 

.1856 

.0193 

.0134 

0.2 

.4131 

0.4 

.3077 

.0438 

.0245 

0.3 

.4578 

0.6 

.4393 

.0812 

.0374 

0.4 

.4785 

0.6 

.6668 

.1316 

.0504 

0.5 

.4839 

0.7 

.6775 

.1939 

.0623 

0.6 

.4797 

0.8 

.7613 

.2663 

.0724 

0.7 

.4688 

0.9 

.8129 

.3453 

.0790 

0.8 

.4535 

1.0 

.8302 

.4276 

.0823 

0.9 

.4352 

1.1 

.8142 

.5101 

.0835 

1.0 

.4152 

1.2 

.7697 

.5896 

.0795 

1.2 

.3722 

1.3 

.7036 

.6634 

.0738 

1.4 

.3294 

1.4 

.6232 

.7286 

.0642 

1.6 

.2882 

1.5 

.6350 

.7878 

.0602 

1.8 

.2502 

1.6 

.4464 

.8369 

.0491 

2.0 

.2160 

1.7 

.3624 

.8772 

.0403 

2,2 

.1855 

1.8 

.2862 

.9096 

.0324 

2.5 

.1464 

1.9 

.2204 

.9348 

.0252 

3.0 

.0973 

2.0 

.1662 

.9540 

.0192 

3.5 

.0637 

2.2 

.0864 

.9784 

.0244 

4.0 

,0413 

2.6 

.0272 

.9941 

.0167 

4.5 

.0266 

3.0 

.0024 

( 4 . 2 - 10 “^) 

.0065 

5.0 

.0170 

4.0 

4.1 • 10 ~® 

( 6 . 1 - KT ’^) 


6.0 

.0069 

6.0 

7 . 8 - lO - i ® 

( 7.9 - 10 “ ii ) 


7.0 

.0027 

6.0 

1.9 - 10 - 1 ^ 

( 4 . 4 - 10 ~ i «) 


8.0 

.0011 
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The last two columns in Table 2 give values of fx as a function of x, 
and Fig. 1 shows a plot of this function. By differentiating fx with 
respect to x and equating the result to zero, it is readily shown that fx 
has a maximum value for x = 0.5; that is, fs has a maximum value 
for E = ^kT, On the other hand, as stated in equation 2.5, JS?av = 

Since 

— (14) 

a 

it is possible, from the plot for y in Fig. 1, to determine the fraction of the 
total number of molecules which have an energy equal to or less than 
that corresponding to a given value of E, 

It follows from the equations above that the value of v for which f^ 
is a maximum increases with V T, while that of J? for which is a 
maximum increases with T. 

Values of Vay at 0° C and 25° C, for a number of gases and vapors, 
are given in Table 3. 

ADDED NOTE 1. RELATION BETWEEN MOLECULAR VELOCITIES 
AND VELOCITY OF SOUND 

It is of interest to note that the relations for a, Va, and Vr can also be 
expressed in terms of the velocity of sound, which we shall designate by u. 

Since p = — = Ppi, 

where pi = density at 1 microbar, and P = we can write the rela- 
tions for molecular velocities in the forms 



On the other hand, 
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where 7 = Cp/Cy == ratio of specific heats (per gram-mole) at constant 
pressure and constant volume. Hence 


and 



(19) 

( 20 ) 


For mercury and other monatomic gases, 7 = 1.667; for diatomic 
gases (such as H 2 , N 2 , O 2 , etc.), 7 = 1.40 (approximately). Hence, 


and 


— = 1.236 for monatomic gases 
u 

= 1.349 for diatomic gases, 


'll 

“ = 0.9124 for monatomic gas. 
a 

Thus the velocity of sound in a gas approaches molecular velocities 
very closely. 

ADDED NOTE 2. DETERMINATION OF AVOGADRO CONSTANT FROM 
DISTRIBUTION OF PARTICLES IN BROWNIAN MOTION 

Under high magnification, all suspensions of very fine particles in 
gases or liquids exhibit ‘^Brownian” motions. Einstein (1905) suggested 
that the motion of these particles is essentially that to be expected, on 
the basis of the kinetic theory of gases, of “large molecules, and there- 
fore subject to the sarm laws as gas molecules. That is, the average 
energy per particle at any given temperature T is %kT^ and the average 
velocity of the particles is given by the relation 

Va = V8kT{irm)f (21) 

where m = mass of particle. 

Application of the Boltzmann-Maxwell laws leads to the following 
relation for the distribution of particles at different levels in a gravita- 
tional field: 


IL =: f-m'ghKkT) 
no 


( 22 ) 
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where no = number of particles per cm^ at A = 0. 

n = number of particles per cm^ at height h (cm). / 

gr = 981 dynes. 

rnf = apparent mass of particles, which is different from the 
actual mass because of the buoyancy of the medium. 

Let m = actual mass of particle. Then 



where = density of the medium and p = density of the particles. 

Actually m' is determined from the rate of settling of the particles, by 
application of Stokes' law. 

Thus it is possible to determine k (and consequently the value of 
= R(i/k) from observations on the value of m' and the relation 
between n/no and h. Using a fine suspension of gum arabic in water, 
Perrin obtained the value Na = 6.8 X 10^^. 

Equation 22 has been applied to the determination of the variation 
with altitude of the density of the atmosphere. 

Assuming an average temperature of T = 230® K at higher altitudes, 

m ' M _ 29 X 10"“^ 

k Rq 8.315 


and hence 


log Pmm = log 760 
= 2.8808 - 


29 X 981 X 
’ 2.303 X 8.315 X 230 

6.452 • 10~®H, 


(24) 


where Pmm is the pressure at the altitude H (in meters) above sea level. 

Figure 2 shows plots of Pmm versus the height in kilometers (A A') as 
calculated by C. N. Warfield.^ The plot A is satisfactorily represented 
over the range 20 to 40 kilometers by equation 24. According to this 
relation the pressure should decrease to one-tenth its value at any given 
altitude for an increase in altitude of 15,500 meters. 

Plot B represents observations made by N. R. Best, E. Durand, 
D. I. Gale, and R. J. Havens.^® Evidently these determinations lie 
below those calculated by Warfield (plot A^), The linear plot C cor- 
responds to the extension of equation 24 to altitudes above 40 kilometers. 

• Technical Note 1200, National Advisory Committee for Aeronautics, 1947. 

^^Phya. Rev,, 70, 986 (1946). 




Fig. 2. Variation in pressure of atmosphere with height. (1 kilometer * 0.6214 
statute mile » 3281 feet.) Plots A and A' from data by NACA (1947); plot B 
from data in Phys. Rev., 1946; plot C, pressure calculated according to equation 4.24. 
Appropriate scales of pressure are indicated by arrows. 
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6. RATE AT WHICH MOLECULES STRIKE A SURFACE 

It was shown by 0. E. Meyer that the number of molecules of a gas 
at rest as a, whole that strike unit area per unit time is given by the 
relation 

V = \nva. (1) 

Substituting for n and Va, from equations 3.4 and 4.10, we obtain the 
relations 

V = 2.635 • 10‘® cm-* • sec'* (2o) 

Vmt 

= 3.513 • 10** cm-* • sec-*. (26) 

Vmt 


G = mass of gas incident on unit area per unit time 
= mv = ^pVa 
= 1.6604 • 10-*^ilf»' 


I ^ 

'\2tRpT ~ 



= 4.375 • lO-^Pa 


g • cm * • sec * 


= 5.833 • 10-*P„ 


g • cm * • sec *. 


(3) 

(4) 

(5) 
(6o) 
( 66 ) 


The volume which strikes unit area per unit time is given by 



and is therefore a constant at all pressures, but varies with V T/M. 

In the literature, especially that originating in Germany, the last 
relation is expressed in the form 


1 I SRpT 
4\ tM 



( 8 ) 


The last four columns of Table 3 give values of vi and Gi, the values 
calculated for a pressure of 1 microbar, and of vi and Gi, the values 
calculated for a pressure of 1 mm — all at 0® C. 
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The equations given above for v and G are also applicable to the 
effusion of gases at low pressures through small holes in very thin plates. 
The requisite condition for the application of Meyer^s relation to effusion 
is that the diameter of the opening should be small compared with the 
mean free path,^^ ^ 

A comparison of relative values of or G for different gases or vapors 
streaming through such a hole makes it possible to obtain relative values 
of since, for constant values of P and T, v varies inversely as \/ ilf, 
and G directly as V M, 

A good check on the above equations was obtained by M. Knudsen^^ 
in some experiments in which hydrogen, oxygen, and carbon dioxide, at 
pressures ranging from 10 to 0.001 cm of Hg, were made to flow into a 
vacuum through a 0.025-mm hole in a 0.0025-mm-thick platinum strip. 

Equation 7 shows that the volume per unit area per unit time, meas- 
ured at the pressure P, is always the same. It follows that FP^h cor- 
responds to the volume measured at 1 microbar. Hence, if Pftbi and 
Pixb 2 (>Pnbi) denote the pressures on the two sides of a very thin- walled 
orifice of area A, the net quantity of gas (Q) flowing through the orifice 
per unit time is given by 

“ Pnb\) = Q2 — Qi 

= Q, (9) 

where Q — volume in cubic centimeters per second, measured at 1 
microbar. That is, Q denotes microbars X cm^ per unit time. 

Similarly, if the pressure is measured in microns (denoted in this 
volume by Py), then Q denotes microns X cm^ per unit time, and 
10""^Q denotes the number of micron • liters per unit time. 

6. RATE OF EVAPORATION AND VAPOR PRESSURE 

An interesting application of equation 5.5 was first made by I. Lang- 
muir^ ^ to the determination of vapor pressures from rates of evaporation 
in high vacua. Since this subject is discussed more fully in a subse- 
quent chapter it will be sufficient in the present connection to quote from 
Langmuir^s original paper, ‘The Vapor Pressure of Metallic Tungsten.^' 

Let us consider a surface of metal in equilibrium with its saturated vapor. Ac- 
cording to the kinetic theory we look upon the equilibrium as a balance between the 
rate of evaporation and rate of condensation. That is, we conceive of these two proc- 
esses going on simultaneously at equal rates. 

See discussion in EHK, pp. 63-66, also section 7 of this chapter. 

Ann. Physik, 28, 75 (1909). 

Phys. Rev., 2, 329 (1913). 
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TABLE 3. 

Masses, Velocities, and Rates of Incidence op Molecules 

Note : VI - rate of incidence of molecules per cm^ per sec, at 0® C and 1 microbar. 

y/ « rate of incidence of molecules per cm^ per sec, at 0® C and 1 mm. 

Gi = mass of gas corresponding to vi (g • cm“"^ • sec“^). 

Gi = mass of gas corresponding to vi (g • cm~^ * sec~^). 
m = mass of molecule in grams; pi° =* density of gas at 0® C and 1 micro- 
bar (g • cm"®). 

Va = average velocity (cm • sec~^). 


10 “^ • Va 


Gas or 
Vapor 

M 

lO^^m 


, 

0®C 

25® C 

10-1^1 

lO-^^i' 

lO^Gi 

10*G/ 

Hs 

2.016 

0.3347 

0.8878 

16.93 

17,70 

11.23 

14.97 

0.3759 

0.5012 

He 

4.003 

0.6646 

1.7631 

12.01 

12.56 

7.969 

10.63 

0.5297 

0.7062 

CH4 

16.04 

2.663 

7.063 

6.005 

6.273 

3.981 

5.308 

1.060 

1.414 

NHa 

17.03 

2.827 

7.498 

5.829 

6.089 

3.865 

5.152 

1.092 

1.456 

H 20 

18.02 

2.992 

7.936 

5.665 

5.919 

3.756 

5.007 

1.124 

1.498 

Ne 

20.18 

3.351 

8.886 

5.355 

5.594 

3.550 

4.733 

1.190 

1.586 

CO 

28.01 

4.651 

12.34 

4.543 

4.746 

3.012 

4.016 

1.402 

1.868 

Nj 

28.02 

4.652 

12.34 

4.542 

4.745 

3.011 

4.015 

1.402 

1.868 

Air 

28.98* 

4.811 

12.77 

4.468 

4.668 

2.962 

3.950 

1.425 

1.900 

O 2 

32.00 

5.313 

14.09 

4.252 

4.442 

2.819 

3.758 

1.497 

1.996 

A 

39.94 

6.631 

17.59 

3.805 

3.976 

2.523 

3.363 

1.675 

2.230 

CO 2 

44,01 

7.308 

19.38 

3.624 

3.787 

2.403 

3.204 

1.756 

2.342 

CH 3 CI 

50.49 

8.383 

22.23 

3.385 

3.356 

2.244 

2.991 

1.881 

2.508 

SO 2 

64.06 

10.64 

28.21 

3.004 

3.139 

1.992 

2.656 

2.118 

2.825 

CI 2 

70.91 

11.77 

31.23 

2.856 

2.984 

j 

1.893 

2.524 

2.229 

2.973 

Kr 

83.7 

13.90 

36,85 

2.629 

2.747 

1.743 

2.324 

2.422 

3.229 

CyHia 

100.2 

16.63 

44.12 

2.403 

2.510 

1.593 

2.123 

2.650 

3.533 

Xe 

131.3 

21.80 

57.82 

2.099 

2.193 

1.392 

1.856 

3.034 

4.044 

ecu 

153.8 

25.54 

67,72 

1.939 

2.026 

1.286 

1.714 

3.283 

4.377 

Hgt 

200.6 

33.31 

(88.33) 

1.698 

1.774 

(1.126 

1.501 

3.750 

4.998) 


* Calculated from the value p = 1.293 • 10~^ at 0® C and 760 mm. 
t Since the vapor pressure of mercury at 0®C is 1.85 • 10*"* mm (* 0.247 pb), 
the values given in parentheses have no physical significance. Actual values at 
0® C, corresponding to saturation pressure, are as follows: p =» 21.79 • lO"^®; v « 
2.777 - 10i»; G - 9.249 * 10“«. 


At temperatures so low that the vapor pressure of a substance does not exceed a 
millimeter, we may consider that the actual rate of evaporation of a substance is 
independent of the presence of vapor around it. That is, the rate of evaporation 
in a high vacuum is the same as the rate of evaporation in presence of saturated 
vapor. Similarly we may consider that the rate of condensation is determined only 
by the pressure of the vapor. 
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The rate at which molecules will, in general, condense on a surface is 
given by ap, where a is known as the accommodation coefficient}^ It 
represents the ratio between the rate at which molecules actually con- 
dense on the surface and the rate at which they strike the surface. If 
we let M denote the rate at which molecules evaporate from the surface, 
then, at equilibrium, 

M = av, (la) 

Langmuir^® has shown that for metal atoms condensing on the surface 
of a metal the value of a may be assumed to be equal to 1. In a much 
more recent paper on the vapor pressures of high-boiling-point organic 
liquids, F. H. Verhoek and A. L. Marshall^® have shown that the same 
assumption is justified in respect to these liquids. Hence, we may, in 
practically all cases of evaporation, express the relation for rate of 
evaporation in the form 

M = = \nva^ (16) 

For the purpose of calculating the vapor pressure of a metal from a 
determination of loss of weight per unit area per unit time it is con- 
venient to express equations 5.6a and 5.66 in the forms 

= 2.286 • lO^G (2a) 


and 



(26) 


where G = rate of evaporation in g • cm“^ • sec”“^. 

As an illustration of the application of these equations. Table 4 gives 
values of G for tungsten^ ^ and tantalum^® at a series of temperatures 
(degrees K) together with calculated values of 
For the evaporation from a wire of diameter d' (in mils) the loss in 
weight per second per centimeter length is given by 

Gi = 2.54 • IQT^Td'G. 

This topic is discussed more fully in subsequent sections. 

Phys. Rev., 2, 329 (1913), and subsequent papers. 

J, Am. Chem. Soc., 61, 2737 (1939). 

H. A. Jones and I. Langmuir, Gen. Elec. Rev., 30, 310, 354, and 408 (1927). 

D. B. Langmuir and L. Malter, Phys. Rev., 66 , 748 (1939). 

See Table 11.2 for vapor pressures and rates of evaporation for the metals and 
carbon. 
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TABLE 4 

Rates of Evaporation and Vapor Pressures of Tungsten and Tantalum 


Tungsten 
M = 183.92 


Tantalum 
M = 180.88 


T 

G 

P/ii 

2600 

8.41 • 10-» 

7.23 - 10“® 

2800 

1.10- 10“' 

9.81 • 10-*® 

3000 

9.95- 10“^ 

9. 18' 10“® 

3200 

6.38- 10““ 

6.08 - 10-* 

3400 

3.47 - 10“® 

3.41 

2400 

3.04 • l(r* 

2.58- 10-< 

2600 

5.54 - 10“* 

4.90 • 10"® 

2800 

6.61 • KT'^ 

6.07 - 10-® 

3000 

5.79- 10-» 

6.40 • 10-1 

3200 

3.82 - 10“® 

3.77 


Hence equations 2a and 2h assume the forms 


P^ih 

o 

mm 


2.866 • 10 ® % 
a 

2.148 • 10» 

a 



Equations 2a and 2b have also been applied by Knudsen and subse- 
quent investigators to the determination of vapor pressures from rates 
of effusion through a small orifice. 

Thus let us consider the case in which molecules evaporating from a 
hot surface pass through a small orifice into another chamber in which 
they are condensed. If the pressure of residual gas in this ‘‘cooP^ 
compartment is extremely low and the radius of the opening is less than L, 
the mean free path of the evaporating molecules in the ^‘hot^^ compart- 
ment, then the rate at which molecules pass through the hole is equal to 
the rate at which they strike this opening.^® Consequently, the vapor 
pressure for any given temperature will be given by equation 2a or 26, 
where G represents the weight passing through the orifice per unit area, 
per unit time. 

These equations are, however, strictly applicable only if the thickness 
(1) of the wall, in which the orifice of area ira^ is located, is vanishingly 
small compared to a. If the orifice consists of a short tube for which 
l/a is appreciable, then a correction factor has to be applied, and instead 

The conditions for the validity of the equations for rate of effusion are discussed 
by I. Estermann in his article “Molecular Beam Technique, “ Rev. Modem Phys., 18 , 
300 (1946). 
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of equation 5.3 we have the relation 

G = K(ipv.) ^ (4) 

where /iC is a function of l/a which is less than I'for l/a > 0. The manner 
in which the value of K varies with l/a is discussed subsequently in 
Chapter 2, section 2. Hence, if G' denotes the actual loss in weight, at 
temperature T, of material of molecular mass Af, through an opening of 
area -4, over a period of t seconds, then 


4 G' f 
= 2.286 • 10*.— J- 

KAt\j 

T 

m' 

(6a) 

(if 1 rp 


(66) 


These equations have been applied by a number of investigators for 
the determination of vapor pressure at low temperatures, where the 
values are of the order of a fraction of a millimeter of mercury. The 
method has been used, for instance, by A. C. Egerton for such metals as 
zinc, cadmium, mercury,^^ and lead.^^ 

As an illustration let us consider one such determination made for 
mercury vapor. In this case the area of the opening was A == 0.0335 
cm^. At 33.7° C, the loss of mercury through this orifice was 0.7867 g 
over a period of 2370 minutes. To correct for the fact that l/a was not 
negligible, the value of K was found (by means of the relations given in 
Chapter 2, section 2) to be 0.93.^^ 

Hence the corrected value of G is given by 

0.7867 

2370 X 60 X 0.0335 X 0.93 

= 1.651 • 10”^ g • cm“"^ sec““^. 

Since T = 306.9, and M = 200.6, it follows from equation 2b that 
Pmm = 3.77 . 10-^ 

Another interesting application of the above relations, and one which 
is of increasing importance in industrial chemistry, is provided by the 
comparatively recent development of high-vamum distillation for the 
separation of certain organic compounds in the pure state from naturally 

21 PhU, Mag., Series 6, 38 , 33 (1917). 

22 Proc. Roy. Soc. Lmdon, A, 103 , 469 (1923). 

22 Egerton and other investigators designate Vix/A as a ‘‘resistance,'' and the 
effect of the correction is that of increasing this resistance in the ratio \/R. 
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occurring oils. The great advantage of this process arises from the fact 
that these organic compounds are unstable at higher temperatures and 
therefore they can be distilled only at lower temperatures, at which the 
vapor pressures are in the range of 10"^ to 10~^ atmosphere.^^ 

In this operation, evaporation takes place from a very thin film of 
liquid, which is renewed continuously, and condensation occurs on an 
adjacent cooled surface. In a sufficiently high vacuum (pressure of 
residual gas less than 1 micron) the rate of transfer of distilland is in 


TABLE 5 

Variation of Rate op Distillation with Pressure* 
(Hickman) 


Pressure (n) 

w (g 

* sec’”^ • m 


of Residual Gas 

" == 1 i 

Pa = 3 

Pfi = 10 

(air) 

T = 368 

CO 

11 

T = 393 

0.3 

0.6 

1.85 

6.4 

4.0 

.46 

1.59 

5.7 

7.0 

.38 

1.37 

5.2 

10.0 

.32 

1.18 

4.6 

15.0 

.25 

0.95 

3.8 

25.0 

.21 

0.70 

2.1 

50.0 

.12 

0.40 

1.67 


♦ The values given for T were taken from a plot of log Pmm versus 1/T and are 
therefore only approximate values, which accounts for the fact that values of W 
calculated by means of equation i for extremely low pressure are slightly less for 3 
and 10 M than those given in the first row. 

accordance with equations 5.6a and 6.66. As the pressure of residual 
gas is increased, however, the rate of distillation is decreased because of 
collisions between the molecules of the distilland and those of the gas. 
This is illustrated by the data shown in Table 6, taken from Hickman^s 
paper. 

The distilland used was Octoil, which has the chemical formula 
C 6 H 4 COO(C 8 Hi 7 ) 2 , and molecular weight M = 390.3. From equa- 
tion 5.66, it follows that the rate of evaporation, TV, in grams per second 
per square meter at pressure is 

W = 0.5833P,yl^, (i) 

where T is the absolute temperature corresponding to the vapor pressure 
of P/,. 

A comprehensive review of this topic hasheen published by K. C. D. Hickman- 
one of the pioneers in this field, in Chem. Revs., 34 , 51 ( 1044 ). 
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It is evident from these observations as well as observations of a 
similar nature mentioned in the next section that molecules leaving the 
surface of the distilland are prevented from reaching the surface of 
condensation because of collisions with the molecules of the residual gas. 
As a result of such collisions many of the niolecules leaving the hot 
film are driven back, the number of such molecules increasing with the 
magnitude of residual pressure. We are thus led to the concept of free 
path as the distance that a molecule can travel without suffering a 
collision. 


7. FREE PATHS OF MOLECULES^^ 

Although the individual molecules in a gas at rest possess very high 
velocities, as shown previously, it is a matter of ordinary observation 
that gases diffuse into one another very slowly. This is explained on 
the kinetic point of view by assuming that the molecules do not travel 
continuously in straight lines, but undergo frequent collisions. The 
term ^^collision” naturally leads to the notion of free path. This may be 
defined as the distance traversed by a molecule between successive 
collisions. Since, manifestly, the magnitude of this distance is a func- 
tion of the velocities of the molecules, we are further led to use the 
expression ^‘mean free path^^ (denoted by L), which is defined as the 
average distance traversed by all the molecules between successive 
collisions. 

However, this definition assumes that the molecules actually collide 
like billiard balls ; that is, the mole<iules are assumed to be rigid elastic 
spheres possessing definite dimensions and exerting no attractive or 
repulsive forces on one another. But this concept can certainly not be 
in accord with the facts. We have every reason to believe that the 
structure of atoms and molecules is exceedingly complex. It is probably 
impossible to state definitely the diameter of a hydrogen atom or 
molecule, much less that of a polyatomic molecule. Also there is no 
doubt that the molecules exert attractive forces on one another for 
certain distances and repulsive forces when they approach exceptionally 
close. Otherwise how could we explain surface tension, discrepancies 
from Boyle's law, and a host of related phenomena? To speak of 
collisions among molecules, such as these, is impossible. What meaning, 
therefore, shall we assign to the free path under these conditions? 

Let us consider at ^ = 0 a group of No ‘Tagged" molecules moving in 
a given direction. As time goes on, these molecules will suffer random 
collisions and a number will disappear from the original group. Let N 

2«SeeEHK,pp. 101-102. 
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denote the number which, after a period are still identified with the 
original group, and let w denote the collision frequency. Then 

-dN=^NwdL ( 1 ) 

Integrating this equation we obtain the result, 

N - (2) 

If we let Z (= vj) designate the path that has been traversed by a 
molecule without suffering collision during the interval then the last 
equation can be written in the form 

N - (3) 

Furthermore we can write 



where L is a distance covered between collisions. Then it follows that 
equation 3 assumes the form 

<i>(i) = ^ = (5) 

iVo 

That is, is the fraction of the original group of molecules that are 
still traveling without having suffered a collision in the distance 1. 

Furthermore it follows from equation 3 that 

= ^ dl = I dl ( 6 ) 

ly 0 L 

represents the fraction of all the free paths that have a length between I 
and I + dL (Hence the omission of the negative sign in the differen- 
tiation.) 

It follows from the last relation that the average value of the free path 
is 

la = r IHl) dl^ I r = L. (7) 

Jo L Jo 

For I == L, <t>(l) = e~^ = 0.3679. . This result shows that 63.21 per 
cent of the molecules collide with other molecules in a distance equal to 
or less than L. Furthermore it is seen from equation 2 that this 63.21 
per cent of collisions occur in the interval t = !/«. Thus l/« is a 
constant of the same nature as the “decay” constant in radioactive 
disintegrations, while l/L may be regarded as an “absorption” coefficient 
similar to the coefficient that measures the decrease in intensity of a 
beam of light in passing through a medium. 
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Equation 5 indicates an experimental method for the determination 
of L which has been used by M. Born^® and F. Bielz,^’^ and which is 
described by R. G. J. Fraser.^® 

A beam of silver atoms is sent into nitrogen or air and a determination 
is made of the amount of silver deposited by ^he beam in a given time t 
on a surface distant I from the source. If we let Iq designate the inten- 
sity of the beam at the source, then the intensity at the collector is 

I = (8) 

where Lp is the mean free path of silver atoms in the gas at the pressure 
in the collecting chamber. 

Measurements of the mean free path of potassium in nitrogen have 
also been reported by J. J. Weigle and M. S. Plesset.^® 

As Fraser points out,^^ 

With non-condensible gases, it is not possible to measure Jo directly. We assign 
therefore to /o [in equation 81 a different meaning: namely, the intensity which the 
beam would have if it were not, as is actually the case, weakened through scattering 
by the alien molecules present in the collimator chamber. Now, clearly /o is 
directly proportional to the quantity of gas issuing from the source slit per second ; 
but so also is the pressure P in the collimator chamber, if a constant pump speed is 
assumed. We can therefore set Iq = c - P, On the other hand, Lp is inversely 
proportional to P; that is, Lp = L/P, where if P is measured say in microns of 
mercury, L is the mean free path at a pressure of 1 micron. / can therefore be 
expressed as a function of the pressure P; thus if I is the distance between source 
slit and image slit, 

I = c- P (9) 

it being assumed that the pressure in the observation chamber is negligibly small. 
/ is a maximum for that value of P which makes P • l/L = 1. To make a measure- 
ment, the intensity is plotted as a function of the pressure in the collimator chamber, 
and the value of the latter at the maximum intensity is observed. Then Lp = LjP = 1. 

At this value of P, / = 0.3679/o. 

It is of interest to observe, as Fraser emphasizes, that the requisite 
condition for obtaining a directional effect of the molecules passing 
through the slit is that Lp must not be less than d, the width of the slit.®^ 

The determination of mean free path for hydrogen has been carried 
out by F. Knauer and O. Stem.®* The value they obtained, however, 

*« Phyaik. Z., 21, 678 (1920). 

” Z. Physik, 82, 81 (1926). 

Molecular Raya, Cambridge University Press, 1931; also Molecular Beama, 
Methuen and Company, London, 1937. 

Phya. Rev., 36, 373 (1930). 

*® Op. cit., p. 76. 

See also LBL, p. 307. 

« Z. Phyaik, 68, 766 (1929). 



Sec. 7] 


FREE PATHS OF MOLECULES 


27 


is only about 0.44 times that derived from viscosity relations (see dis- 
cussion in the following section). The reason, as Fraser points out, 

is that the standard methods require an intimate encounter in order that the molecules 
may exchange energy and momentum in amounts capable of affecting the viscosity 
or heat conductivity of the gas. The molecular ray method on the other hand counts 
as a collision an approach of two molecules sufficiently close to deflect them very 
slightly out of their paths; with narrow slits angular deflections of less than 10^^ 
are detectable. 

In this connection the reader will find an interesting description of 
the many uses of molecular beams in a paper by John B. Taylor.^^ As 
he states, “Molecular beams, narrow rays of molecules formed by a slit 
system and moving in one direction in an evacuated apparatus, may be 
used to advantage in many types of research.^’ Among these are 
determinations of molecular velocities (involving experimental tests of 
the validity of the Maxwell-Boltzmann distribution law), mean free 
paths, vapor pressures, accommodation coefficients, and mechanism 
of chemical reactions and of adsorption.^^ 

Evidently the mean free path must depend upon the molecular 
diameter, and simple considerations indicate that the length of the mean 
free path must vary inversely as the total cross-sectional area of the 
molecules per unit volume. Again, the magnitudes of the coefficients 
of viscosity, heat conductivity, and diffusivity of gases are intimately 
bound up with thd length of the free path; whether it be transference 
of momentum from one layer to another as in viscosity, or transference 
of increased kinetic energy of the molecules as in heat conductivity, the 
rate of this ti^ansference must depend upon the number of collisions 
which each molecule experiences as it passes from point to point. It is 
therefore to be expected that there should exist very similar relations 
between the values of the mean free path and those of the coefficients of 
viscosity, heat conductivity, and diffusion. However, in attempting 
to deduce such relations, the theoretical physicist has found himself 
confronted with the problem regarding the laws governing the variation 
with distance of attractive and repulsive forces between molecules. As 
a result of successive attacks on this problem, by a number of investi- 
gators, the exact forms of these relations have been modified from time 
to time. In the following discussion the writer has been guided to a 
great extent by the conclusions stated in the treatise by Chapman and 

J. Ind. Eng, Chem.f 23, 1228 (1931). Also see W. H. Bessey and O. C. Simpson, 
Chem, Revs,, 30, 239 (1942). 

An excellent and comprehensive review of molecular-beam technique has been 
published by I. Estermann, Rev, Modem Phys,, 18, 300 (1946). This gives a very 
complete bibliography of references on the subject. 
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Cowling, which undoubtedly represents the most comprehensive treat- 
ment of the whole problem. 

8. RELATION BETWEEN COEFFICIENT OF VISCOSITY, MEAN FREE 
PATH, AND MOLECULAR DIAMETER 

A gas streaming through a narrow-bore tube experiences a resistance 
to flow, so that the velocity of this flow decreases uniformly from the 
center outwards until it reaches zero at the walls. Each layer of gas 
parallel to the direction of flow exerts a tangential force on the adjacent 
layer, tending to decrease the velocity of the faster-moving and to 
increase that of the slower-moving layers. The property of a gas (or 
liquid) by virtue of which it exhibits this phenomenon is known as 
internal viscosity. 

As a simple working hypothesis we may assume, as Newton did, that 
the internal viscosity is directly proportional to the velocity gradient 

in the gas. Furthermore, the viscos- 
ity must depend upon the nature 
of the fluid, so that in a more viscous 
fluid the tangential force between 
adjacent layers, for constant velocity 
gradient, will be greater than in a 
less viscous fluid. We , thus arrive 
at the following definition of the 
coefficient of viscosity: 

The coefficient of viscosity is defined 
as the tangential force per unit area 
for unit rate of decrease of velocity with 
distance (that is, per unit velocity 
gradient). 

With this definition we are in a 
position to deduce the approximate 
form of the relation between the coeffi- 
cient of viscosity and the free path. 

Let u denote the velocity of flow of the gas at a distance d from a 
stationary surface. In uniform flow along a surface, the velocity will 
decrease uniformly to zero as the surface is approached. We can there- 
fore represent (see Fig, 3) the velocity at distance OA = d by the 
ordinate AB = u and velocities at intermediate distances by the cor- 
responding ordinates of the line OB. 

^We shall imagine the gas divided into layers parallel to the surface, 
each having a depth equal to the free path, L. 



Fig. 3. Diagram illustrating the 
derivation of simple relation be- 
tween coefficient of viscosity (rj) of 
a gas and the molecular mean free 
path (L). 
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Let us denote the tangential force per unit area between adjacent 
layers by B. By definition: 

B = ri X velocity gradient 



( 1 ) 


where rj denotes the coefficient of internal viscosity. 

But, according to the kinetic theory, the tangential force per unit 
area is measured by the rate at which momentum is transferred per unit 
area between adjacent layers. 

Owing to the relative motion of the layers, the molecules moving 
from a faster- into a slower-moving layer possess more momentum in the 
direction of flow than those moving in the opposite direction. 

Let us consider any layer, CE or EH, of thickness equal to L. We 
have chosen this particular value of the thickness so that we may be 
justified, as a first approximation, in assuming that the molecules 
starting at either of the planes CD or HK reach the plane EF without 
suffering collision, that is, without change of momentum. 

The momentum, parallel to the surface, of any molecule reaching the 
plane EF from the plane CD is in{u' + v), where u' denotes the velocity 
of flow at the plane CD and d is the mean velocity of the molecules. 

The momentum, parallel to the surface, of a molecule reaching the 
plane EF from the plane HK is 

m + V + 2 • 


The number of molecules that cross unit area per unit time in any 
direction in a gas at rest is equal to and this must be the same for the 
molecules traveling in a direction perpendicular to the plane EF, for 
the velocity of flow is assumed to be so small that the density remains 
constant throughout the different layers. 

Hence the net rate of transference of momentum across unit area of 
the plane EF is equal to 


B = 


1 uL 
- mnv — • 
3 d 


( 2 ) 


From equations 1 and 2 it follows that 

rj = ^mnvL == ^pvL. 



The dimensions of rj are evidently and in the cgs system the 

unit of viscosity is 1 poise = 1 g • cm“'^ • sec““^ = 1 dyne • sec • cm““^. 
This is the unit of coefficient of viscosity used in this volume. 
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In deducing the last equation it has been assumed that all the mole- 
cules possess the same velocity v and the same free path L. Introducing 
the law of distribution of velocities, Boltzmann (1881) deduced the 
the relation 


rj = 0.3502pVaLB, (4) 

where Va = average velocity, and Lb is defined as the average free path. 

0. E. Meyer, in his Kinetic Theory of Gases, used a different method of 
calculation and derived a relation of the form 

71 = 0,3097pVaLMf (5) 

where is also defined as the average free path. 

From these equations an interesting conclusion may be deduced 
regarding the dependence of viscosity on pressure. As has been men- 
tioned, it is evident from very simple considerations that L must vary 
inversely as the number of molecules present per unit volume. Con- 
sequently the product pL is constant and independent of the pressure. 
The velocity, v, depends only upon the temperature and molecular 
weight. It therefore follows that, for any gas at constant temperature, 
the viscosity is independent of the pressure and must increase with the 
temperature. The confirmation of these two deductions has been justly 
regarded as one of the most signal triumphs of the kinetic theory of 
gases. As is well known, the viscosity of all ordinary liquids decreases 
with increase in temperature. That the viscosity of gases must increase 
with temperature was therefore regarded as a remarkable conclusion. 

At both extremely low pressures and very high pressures, the con- 
clusion that the viscosity is independent of the pressure is not in accord 
with the observations, but this is due to the fact that the same derivation 
as has been presented above is not valid under those conditions where 
either attractive forces between the molecules come into play or the 
pressure is so low that a molecule can travel over the whole distance 
between the walls of the enclosure without suffering collision. 

Both relations 4 and 5 have been used by physicists, until compara- 
tively recently, for deriving values of L from 77 . However, the work of 
S. Chapman and D. Enskog, since about 1911, has led to the following 
relations which are discussed by Chapman and Cowling^® in their 
treatise. 

To derive a more exact relation between rf and L it is necessary to 
introduce the relation between L and 5, the molecular diameter, which 

CC, Chapter 12, p. 218. 
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has been shown to be of the form 


L = 


1 

\/2 • imS^ 


( 6 ) 


where n = number of molecules per cubic centimeter. 

For smooth rigid elastic spherical molecules, it is shown that 

6 /kmTV^- 


( 7 ) 


Substituting in this equation the relations Va = VSkTIm and 
p = mn, it follows that 


^ 0.491p?;a 
^ • Tm8^ 


A further approximation leads to the conclusion that the right-hand 
side of the last equation should be multiplied by the factor 1.016, and 
consequently 


A99pVa 

V 2 • 


Combining this with equation 6, the result is the relation, used in the 
following discussion, 

V = 0.499pi;aL. (9)3® 

It follows directly from equation 7 that, for two gases having approxi- 
mately equal values of 5, the viscosities should be in the same ratio as 
the square roots of the molecular masses. 

This conclusion has been confirmed by observations on the relative 
viscosities of H 2 and D 2 (deuterium).®^ At room temperature Wt/vut = 

I. 39, which is approximately equal to \/2. 

The difference between equation 9 and the equations of Boltzmann 
and Meyer arises from the fact that the two latter investigators failed 
to take into account the existence of forces of attraction and repulsion 
between molecules. The accurate form of the relation between ri and 5 

This and equation 6 are those used by E. H. Kennard (see EHK, p. 147 et 
subseq.). 

A.C. Torrey, Phys, Rev., 47 , 644 (1935), A. B. Van Cleave and O. Maass, Can. 

J. Research, (B) 12 , 67 (1936); 13 , 384 (1935). 
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has been a topic of considerable discussion by theoretical physicists.^® 
One interesting contribution to this subject, to which reference is 
made in a subsequent section, is the model suggested by W. Sutherland.®® 
Let us assume that the molecules are “smooth rigid elastic spheres sur- 
rounded by fields of attractive force.” " 

The relation between coefficient of viscosity and molecular diameter 
then has the form 


1 + C/T 


( 10 ) 


where the constant C is a measure of the strength of the attractive 
forces between the molecules. In this equation the notation bm has been 
introduced to indicate that the value of the molecular diameter derived 
in this manner is different from the value 5 used in equation 7. From a 
comparison with equation 7 it follows that equation 10 is equivalent to 
the relation 


where 


and 


0.499pi>a 

V2 • TnbJil + C'/r) 

0.4Q^pVaLm 

1 + c/r ’ 


i + c/r- 


( 11 ) 

( 12 ) 

(13) 

(14) 


Equation 10 leads to the relation, used for calculating (7, which has 
the form 


VT ^ /rVY i + C'/n V 
,0 \tJ Vi + c/r/’ 


(15) 


This topic is discussed at length by Chapman and Cowling in their treatise on 
this subject. It will be observed that 

Lm = 1.611L = I.IZILb 


and 


Lb = 1.425L. 


See CC, section 10.41. 
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where and tjo are the values of the coefficient of viscosity measured at 
T and To respectively. Equation 15 is also often expressed in the form 


~ C + T* 


(16) 


where K = vo(C + To) ■ To-^. 

By combining equations 16 and 11 it is seen that the value of Sm thus 
deduced is independent of T and actually corresponds to the value of 
the molecular diameter at infinitely high temperature, whereas, as 
pointed out below, the value of 3 decreases with increase in T. For this 
reason equations 11 and 12 were used formerly by many writers on this 
subject (and are quoted by some authorities even in recent publications). 
However, following the procedure of Chapman and Cowling, and of 
Kennard, equations 8 and 9 are used in the following discussion for the 
calculations of the values of 5 and L, and respectively. The conversion 
to values deduced by application of Sutherland’s theory may then be 
made by means of equations 13 and 14. 

From equation 9 the following numerical relations are derived : 



1.1461 • 10^ 


8.589 



It 

(17a) 


Im 

\L 

\il/ 

cm, 

(175) 


where P^b and' Pmm denote the pressure in microbars and millimeters of 
mercury, respectively, and i\ is expressed in poises. These relations 
have been used to calculate values of L and, from these, values of 3 given 
in Tables 6 and 7. 

From equation 8 we obtain the following relations for 3* and Se = ir3*, 
the latter being defined as the mean equivalent cross section for viscosity:*^ 

y/Wf 

3* = 2.714 • 10 cm^ (18) 

\/MT 

7r3* = 8.524 • 10"®* cm®. (19) 

ijr 

Where 3 has been determined by some other method,^* an approximate 

"EHK,p. 147. 

See Added Note 4 at the end of this section. 
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calculation of L may be made by means of the relations 


, 3.107 • 10-i^r 

^ 

(20o) 

2.331 

= p .2 

(206) 

Another useful magnitude is the collision frequency 
which is given by the relation 

per molecule, 

II 

3 

(21) 

= 1.271 — sec ^ 
n 

(22o) 

= 1.694 • 10^ ^ sec-^ 

(226) 




Values of w are shown in the lowest row in Table 6. 

Although Sutherland's equation 16 has been used most frequently to 
express the temperature variation of viscosity, several other relations 
have been derived in the literature. The simplest of these is the 
exponential relation 

VT = ar", (23) 

where a and x are constants characteristic of each gas. This relation 
has been recommended especially for relatively small ranges of tem- 
perature. 

Equations 16 and 23 as well as some other relations have been tested 
by W. Licht, Jr., and D. G. Stechert^^ for a number of typical gases and 
vapors, using for this purpose data published in the Landolt-Bomstein 
tables.'*^ 

According to these investigators, ^Tor twenty-four representative 
gases and vapors at atmospheric pressure Sutherland's equation has been 
found to fit extensive experimental data with an average error of less 
than 1 per cent." Values of the constants C and K in equation 16 and 
of a and x in equation 23, taken from the original discussion, are shown 
in Table 8. These constants were used by the writer to derive values of 
1726 shown in the fifth and eighth columns of the table. 

/. Phya. Chem,, 48, 23 (1944). 

Phyaikaliach-Chemische Tabdlen, 6th edition, Julius Springer, Berlin, 1923-1935. 
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The values of C given in Table 6 are those deduced by A. E. Schuil,'*^ 
and it is of interest to compare them with those given in Table 8. 

In deriving the values of L and 5 shown in Tables 6 and 7, the values 
of ij used are those given by Kennard^® for 15° C. Values for 0° C and 
25° C (ijo and i> 25 , respectively) were derived from the values for 15° C 
by means of equation 23 using the values of x, taken from Kennard's 
table, which are given in the second row of the table. The values of 5 
were derived from those of ijo and therefore apply strictly only at 0° C. 

Combining equation 23 with equation 7, it follows that at room 
temperature 5 varies as 7 ^ s(i-o.6) gince x is greater than 0.5, it also 
follows that the calculated value of 5 must decrease with increase in 
temperature. 

An interesting method of calculating values of L for air as a function 
of the temperature has been used by Hsue-Shen Tsien.^® 

From equations 9 and 4. 18 it follows that 


L = 1.255 


y/y 

p u 


Thus L may be expressed in terms of the “kinematic viscosity,” 7)/p, 
and the velocity of sound, u. By means of this relation, Tsien has 
calculated values of, the mean free path for air for the range 0° C to 
500° C. A few of the values thus deduced (in centimeters) are as 
follows: 

t°C: 0 20 40 100 200 300 400 500 

10®L(P/Po): 5.89 6.48 7.06 8.78 11.73 14.86 17.78 20.83 

In the lower row, Pq denotes the standard pressure, 1 atmosphere, 
and P any other value of the pressure in atmospheres. The value 5.89 
for 0° C is to be compared with the value 5.98 given for 10®Lo^®° in 
Table 6. 

In the tables the following notation has been used: 

Lo^ = mean free path in cm at 0° C and 1 mm of Hg. 

L 28 *>= mean free path in cm at 25° C and 1 mm of Hg. 

Lt^ = mean free path in cm at <° C and P mm of Hg. 

<a = collision frequency (sec~^) at 25° C and 760 mm of Hg. 

** PhU. Mag., 28 , 679 (1939). This paper gives data bn values of »i for gases and 
vapors over the range 0° C to 250° C. 

«EHK, p. 149. 

J. Aeronautical Sciences, 13 , 653 (1946). 
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TABLE 6 

Mean Free Paths, Molecular Diameters, and Related Data for a 
Number of Gases 


Gas: 

Ha 

He 

Ne 

Air 

02 

A 

CO2 

Kr 

Xe 

10^7)16 

871 

1943 

3095 

1796 

2003 

2196 

1448 

2431 

2236 

X 

0.69 

0.64 

0.67 

0.79 

0.81 

0.86 

0.95 

0.85 

0.92 

lO^ryo 

839 

1878 

2986 

1722 

1918 

2097 

1377 

2372 

2129 

10^1725 

892 

1986 

3166 

1845 

2059 

2261 

1496 

2502 

2308 

10*Lo‘ 

8.39 

13.32 

9.44 

4.54 

4.81 

4.71 

2.95 

3.69 

2.64 


11.04 

17.53 

12.42 

5.98 

6.33 

6.20 

3.88 

4.85 

3.47 


9.31 

14.72 

10.45 

5.09 

5.40 

5.31 

3.34 

4.06 

2.98 

10«L25^«® 

12.26 

19.36 

13.75 

6.69 

7.10 

6.67 

4.40 

5.34 

3.93 

10*5 

2.75 

2.18 

2.60 

3.74 

3.64 

3.67 

4.65 

4.15 

4.91 

C 

84.4 

80 i 

56 

112 

125 

142 

254 

188 

252 


15.22 

24.16 

17.12 

8.24 

8.71 

8.54 

5.34 

6.69 

4.78 


14.45 

7.16 

1.68 

6.98 

6.26 

5.70 

8.61 

6.48 

5.71 


TABLE 7 

Mean Free Paths, Molecular Diameters, and Related Data for 
Water and Mercury Vapors 



ec 

Pmm 

0 

0 


Lr 

10««i 




H2O 

0 

4.58 

8.69 

2.90 

6.34 ■ 10“^ 

4.68 

5.27 


15 

12.79 

9.26 






25 

23.76 

9.64 

3.37 

1.42- 10-^ 



Hg 

219.4 

31.57 

46.66 

6.28 

1.99- lO"* 

4.27 

6.32 


150.0 

2.807 

39.04 

4.87 

1.74- 10-* 

4.50 

5.70 


100.0 

0.2729 

33.56 

3.93 

1.44 • 10-2 

4.70 

5.22 


25.0 

0.0018 

25.40 

2.66 

1.45 

5.11 

4.42 


0.0 


16. 2 (J) 



6.26(J) 



Pmm = vapor pressure at f C. 


In the case of H 2 O, for which values of L and 5 for a series of tem- 
peratures are given in Table 7, the Sutherland relation was used with 
C = 650 and 7715 = 9.26 • 10 “^ cgs unit. 

In the case of Hg (see Table 7), the values of rj used are based on 
that given by H. Braune, R. Basch, and W. Wentzel"^^ for t == 219.4° C. 
Values at other temperatures were derived by means of Sutherland's 
relation, with C = 942.2.“*® It should be observed that in their publica- 
tion the authors used equation 11 to calculate values of 6 m* 
phy^k. Chem,, 137, A, 447 (1928). 

Value given by Braune, et al., loc. cit., which differs somewhat from that given 
in Table 8. 
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TABLE 8 

Characteristic Constants for Viscosity-Temperature Functions 


Substance 

Temperature 
Range ° C 

Sutherland Equation 

Exponential Equation 


lO'A 

105.,26 

10*0 

^ I 

10^7726 

Ammonia 

-77-441 

472 

15.42 

10.30 

0.274 

1.041 

10.30 

Argon 

-183-827 

133 

19.00 

22.67 

2.782 

0.766 

21.83 

Benzene 

0-313 

403 

10.33 

7.68 

0.299 

0.974 

7.71 

Carbon dioxide 

-98-1052 

233 

15.52 

15.03 

1.057 

0,868 

14.86 

Helium 

-258-817 

97.6 

15.13 

19.66 

4.894 

0.653 

20.18 

Hydrogen 

-258-825 

70.6 

6.48 

9.04 

1.860 

0.678 

8.85 

Mercury 

218-610 

996 

63.00 

25.03 

0.573 

1.082 

27.20 

Methane 

18-499 

155 

9.82 

11.14 

1.360 

0.770 

10.92 

Nitrogen 

-191-825 

102 

13.85 

17.80 

3.213 

0.702 

17.60 

Oxygen 

-191-829 

no 

16.49 

20.78 

3.355 

0.721 

20.42 

Water vapor 

0-407 

659 

18.31 

9.84 

0.170 

1.116 

9.82 


The value of rj for 0° C is quoted by J. H. Jeans (from Kaye and Laby, 
Physical Constants^ 1936 edition) in his book (p. 183). 

In addition, the tables give values of N Sy the number of molecules 
per square centimeter to form a monomolecular layer at 0® C. On the 
assumption that the spacing is that of a close-packed (face-centered) 
lattice, 


Ns = 


2 


1.154 

52 


(24) 


Formulas for the viscosity of mixed gases are given by Kennard.®^ 
As he points out, the viscosity of a binary mixture does not necessarily 
lie between the values for the pure components; it may be below or 
above both these values. 

The relations for collision frequency per unit volume between mole- 
cules are of importance in many problems of interaction between 
molecules. 

Let Zaa and 7jab denote the number of collisions between like and 
unlike molecules, respectively, per cubic centimeter, per second. Then, 

7>aa = 

\ M 


= 3.232 • 



cm ® • sec 


( 25 ) 


See Added Note 4 at the end of this section, and Table 9. 
‘®EHK,pp. 160-162. 
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"Lab = riAnshAB^ yJsTrRoT 

= 4.5712 • IO^uatibSab^ ■Jt cm"® • sec"^ (26) 

= 2.398 • Id^^PAPaSAB^ • 7^^ ^ » (27) 

where tia = number of molecules per cm^, of A at pressure Pa (micro- 
bars), with similar definition for n^, and 8ab = + ^b). 

For instance, for nitrogen (M = 28.02, 8 == 3.62 • lO”"®) at T = 298.2, 

Z = 8.157 • 10^® cm”"® • sec"”^ at 1 microbar 
= 8.357 • 10^® cm”"® • sec“^ at 1 atmosphere. 

For the mean free paths of the molecules A and JS in a mixture, the 
following general relations have been derived: 

(28) 
(29) 


— = V^TUa^A^ + '^b^ab^ \/l + 

La , \ va^ 

— = + TTUaSaB^ ^ 

Lb \ vb 


where va and vb refer to the average velocity of each type of molecule. 
For Ta = Tbj equation 28 becomes 

— = y/2imA^A^ + TmB^Aa^ \/l H — ^ > (3( 

La \ Mb 

and similarly for 1 /Lb. 

For 8a very much smaller than 8b, mA ms, and Ua "C ub, 

— = \/2TnA^A? + tobSab^. (31 

For 8a very much smaller than 8b, 

— == TnB8AB^ = i^mB^B^. (35 

For Ua very much less than ub, and Ta not identical with Tb, 


= TnB 8 AB^ \ ^ + 


TnB^AS' 


I L.'^bMa 
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The last equation has been used by W. Gaede^^ to calculate the mean 
free path of nitrogen (A) in the blast of a mercury-vapor pump. In 
this case we may assume: Ta = 300° K, and the temperature of the 
mercury vapor Tb = 400° K. At this temperature the pressure of 
mercury vapor is about 1 mm. Hence, ns = 2.414 • 10^®. 

From the data in Tables 6 and 7, 

10® • ^AB = I (3.78 + 4.70) = 4.24. 

Substituting these values, and those for Ma and Msy in equation 33, 
the result is La = 6.73 • 10“® cm, whereas, from the data for Lt^ in 
Table 7, the value derived for the mean free path of mercury molecules 
in the saturated vapor at 400° K is L = 4.4 • lO""® cm. 


ADDED NOTE 3. VISCOSITY AT LOW PRESSURES 


As mentioned previously the coefficient of viscosity is not independent 
of pressure when the pressure decreases to a low value. Under those 
conditions it was observed by Kundt and Warburg (1875) that the 
damping of a vibrating surface by the surrounding gas is decreased, as 
if the gas were slipping over the surface. If one surface is at rest, and 
another surface, at a distance d, is moving parallel to the first surface 
with a uniform velocity, the viscous drag upon each surface at normal 
pressures is given in accordance with the definition of rj by the relation 


B = 


rju 


(34) 


At low pressures, however, the observed value of the tangential force 
B is less than that given by the last equation, corresponding to an in- 
crease in the value of d. That is, the equation assumes the form 


B = 




d + 2f 


(35) 


where f is known as the coefficient of slip. 

Considerations based on the kinetic theory of gases lead to the relation 


_ / 2 - A V UHqT 
^ \ / /AftV 2M ’ 


which, combined with equation 9 above, leads to the relation 

( 2 -/) 


f * 2 • 0.499 ■ 


L, 


(36a) 


(36b) 


Ann. Physik, 46 , 367 (1915). 
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where / is a numerical coefficient which has a maximum value of 1. It 
was introduced by Maxwell with an interpretation given by Kennard 
as follows 

The value of /, the transfer ratio for momentum, wjll presumably depend upon 
the character of the interaction between the gas molecules and the surface; it may 
vary with the temperature. We can imagine a surface that is absolutely smooth 
and reflects the molecules ^‘specularly” with no change in their tangential velocities; 
in such a case f — 0 and f = oo, viscosity being unable to get a grip upon the wall 
at all. On the other hand, we can imagine the molecules to be reflected without 
regard to their directions of incidence and therefore with complete loss of their 
initial average tangential velocity. 

In this case / = 1, and f = 

More generally, f = jSL, where is of the order of unity, and at very 
low pressures, where L » rf, equation 35 becomes 


rju 

u ^ pVa 

(37a) 

2/3Z/ 

i 4 


1 M 

(376) 


'\2wRoT 


Thus, at very low pressures the rate of transference of momentum 
from a moving surface to another surface adjacent and parallel is 
directly 'proportional to the pressure and to the velocity of the moving 
surface. This conclusion was applied by I. Langmuir^^ to the design 
of a molecular gauge for the measurement of low pressures, which is 
described in Chapter 6. 

The quantity pfa/4, which as noted previously corresponds to the 
mass of gas incident on unit area per unit time, has been designated by 
Kennard as the free-molecule viscosity of the gas between the plates. 

The concept of coefficient of slip has also been used to interpret 
observations on the flow of gases at very low pressures, through capil- 
laries. This topic will be discussed in the following chapter. 

EHK, p. 297. 

A. Timiriazeff, Ann. Physik, 40 , 971 (1913), assumed that /, which may be 
regarded as an accommodation coefficient for transfer of momentum, has the same 
value for any gas-surface combination as a, the accommodation coefficient for heat 
transfer (discussed in the following section); but B. Baule, Ann. Physikj 44 , 145 
(1914), disagreed with this assumption and concluded that the value of the ratio 
between f and L (denoted by /3 in equations 37 below) must be a complicated function 
of the diameters of the molecules in the gas and those constituting the surface. The 
theoretical investigations on this topic are discussed by Kennard and Loeb (LBL, 
pp. 296-300). Loeb quotes results obtained by R. A. Millikan, Phya. Rev., 21 , 217 
(1923), which lead to values of / ranging from 0.87 to 1.00. 

Phys. Rev., 1 , 337 (1913). 
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ADDED NOTE 4. MOLECULAR DIAMETERS 


Mention has been made in the previous section of the two relations 
for deducing values of 5 and of 6m from viscosity measurements. These 
relations are as follows: 


and 


6 ^ 


2.714 • 


Vmt 

V 


6^T 

c + 


(18) 

(13) 


As illustrated in Table 7 by the values of 8 for mercury^ these values 
exhibit a considerable decrease with increase in temperature, and in this 
case it is found that 8yn = 2.50 • 10“"^. The variation with T is obviously 
greater for those molecules for which the Sutherland constant, C, has 
a large value. 

In spite of the fact that the values of 6 thus deduced exhibit a variation 
with T, the writer has followed Chapman and Cowling in choosing 
equation 18 rather than 13. While, as pointed out by Chapman and 
Cowling, such a variation in the value of 6 with T ^ ^receives a simple 
explanation on the hypothesis that the molecules are centers of repulsive 
forces, not hard spheres,^' it is of interest to compare the results obtained 
by means of equation 18 with those obtained by means of 13 and also 
by other methods. 

There are several such methods, and only a few of the more important 
ones can be mentioned briefly, together with some of the results deduced. 

Application of the van der Waals Equation. Near the critical tem- 
perature and pressure the behavior of gases can be described very 
satisfactorily by a modified form of equation 2.8, deduced by van der 
Waals, which is as follows: 




(F - 6) = ftoT. 


(38) 


In this equation V is the volume per mole, the term a/V^ is a correc- 
tion term which takes into account the attractive forces between the 
molecules, and the constant 6 is a measure of the actual volume of the 
total number of molecules in accordance with the relation. 


h 4 

- =: . - . , 

4 ^38 


Hence, 


3b 

2tNa 


7.929 • 10-“b. 


(39) 


(40) 
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The value®* of the constant b may be determined for any given gas 
from the values of the critical temperature (Tc) and critical pressure 
{Pc) by means of the relation 


_ fipTe 
“ 8Pc ' 


(41) 


From the Density of the Solid or Liquid. Assuming that the mole- 
cules are closely packed, as in a face-centered cubic lattice, the projected 
area per molecule is given by the relation®® 


1 4V3/ m 10-‘®/MV^ 

2 \W2p) "e.SSTVpj ^ ^ 

where m = mass of molecule = M/Na- 
p = density of condensed phase. 

But, according to equation 24, 

\/3 

(T = — 52 = 0.86062 (43) 

Hence, 

8 = 1.122 = 1.329 • 10“® • (44) 

Equation 42 has been used to calculate the number of molecules per 
unit area required to form a unimolecular layer (or monolayer). (See 
last column of Table 9.) 

Cross Section for Collision with Electrons.®^ A cathode-ray beam of 
initial intensity Iq is decreased to intensity /, after passing through a 
layer of the gas of thickness x, in accordance with the relation 

/ = (45) 


where, as shown previously in equation 7.5, a is a measure of l/Le, 
where Le = mean free path for electrons = 4\/2L. Hence it follows 

Values of h for a large number of gases and vapors are given in the Handbook of 
Chemistry and Physics, published by Chemical Rubber Publishing Company, Cleve- 
land, Ohio. Since these values are expressed in terms of the volume at 0® C and 
1 atm as unity, they should be multiplied by 22,415 to give values for use in equation 
40. See also Handbook of Chemistry, by N. A. Lange, Handbook Publishers, San- 
dusky, Ohio, 1941, p. 1307. 

H. K. Livingston, J. Am. Chem. Soc., 66 , 569 (1944); also S. Brunauer, The 
Adsorption of Gases and Vapors, Princeton University Press, Princeton, 1942, p. 287. 

These observations are discussed very fully by H. A. Stuart, MolekiUsiruklur, 
Julius Springer, Berlin, 1934, p."49 et subseq. 
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from equation 6 that 


a 


~ 


( 46 ) 


Thus the collision cross section is given by a/n. However, as has 
been observed experimentally, the value of a varies in a rather complex 
manner with the potential used to accelerate the electrons, with the 
result that it is actually impossible to assign a definite value to d as 
derived from electron-collision measurements. 

The structure of molecules has also been determined from measure- 
ments of dipole moments and from electron-diffraction experiments, 
all of which are discussed at length by H. A. Stuart®* in his book. 


TABLE 9 

Values of Molecular Diameter (cm X 10~*) 



From 

V 

From 

From 

Electron 

lO-'i^ • N, 

Gaa 

5o 

5m 

b 

P 

Collision 

from p 

112 

2.75 

2.10 

2.76 

4.19 

2.2 

6.58 

He 

2,18 

1.69 

2,66 

4.21 

1.70 

6.49 

Ne 

2,60 

2.16 

2.38 

3.40 

2.2 

9.98 

A 

3.67 

2.42 

2.94 

4.15 

3.6 

6.71 

02 

3.64 

2.50 

2.93 

3.73 

3.4 

8.30 

Hg 

6.26 

2.50 

2.38 

3.26 


10.86 

CO 2 

4.65 

3.32 

3.24 

4.05 

4.4 

7.04 

H 2 O 

4.68 

2.45 

2.89 

3.48 

3.8 

9.53 

CeHe 

7.65 

4.71 

4.51 

5.89 


3.33 

CH 4 

4.19 

3.31 

3.24 

4.49 


5.73 

CaHo 

5.37 

3.87 

3.70 

5.01 


4.60 

C 3 H 8 

6.32 

4.45 

4,06 

5.61 


3.67 

n-C4Hio 

7.06 

4.84 

4.60 

6.10 


3.18 

n-C6Hi2 

7.82 

5.05 

4.89 

6.45 


2.78 

W.-C6H14 

8.42 

5.22 

5.16 

6.74 


2.54 


Table 9 gives, for comparison, values of 5 for a number of gases and 
vapors as deduced by at least four different relations. The second and 
third columns give values of 3o and dm as deduced by means of equations 
18 and 13, respectively, from the values of i? (extrapolated to 0® C) and 
the values of C given by E. Schuil.®® The fourth column gives values 
of 5 calculated by means of equation 40 from the values of the van der 
Waals constant, b ; the fifth column gives values deduced by means of 
equation 44 from values of p at extremely low temperatures (in general 
for the solid state). The sbcth column gives values, derived from 
Op. cU. 

»» PhU. Mag., 28, 679 (1939). 
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observed values of a by means of equation 46, for 36-volt electrons,®^ 
and the last column gives values of Ns calculated by means of equation 
43 from the values of b in the fifth column.^^ The values thus derived 
are to be compared with those deduced in Tables 6 and 7 from kinetic- 
theory values of b, s 


9. HEAT CONDUCTIVITY OF GASES 


The kinetic theory of gases achieved a great triumph when it led to the 
conclusion that the viscosity is independent of the pressure. It led to 
still further important results when it predicted the existence of simple 
relations between the properties of viscosity, heat conductivity, and 
diffusivity. 

From the kinetic point of view it is the same whether the molecules 
transfer momentum from one layer to another or translational energy. 
The equations are quite analogous. 

As in the case of viscosity, we consider any two layers CE, EH (Fig. 3), 
each of thickness L, between two plates whose temperatures are Ti and 
T 2 and distance apart d. Let Cv denote the heat capacity 'per unit mass 
at constant volume. The relative temperature drop between the planes 
CD and HK is equal to 


Hence the heat transferred per unit area is 

^1 ^ (Ti - T2)L 

E — ~nv • 2mcv ; 

6 d 


1 . (Ti - T 2 ) 

= - pVCy • L 3 

3 d 


( 1 ) 


Therefore the coefficient of heat conductivity 

X == \pVaLCv. (2) 

If Cv is expressed in calories per gram, the unit of X is 1 cal * • 

sec~^ • deg-^. 

Comparing the last equation with 8.3 it follows that 

X — (3) 

As in the case of the relation for ri, a more careful consideration of the 
H. A. Stuart, op. dt., p. 61. 

See also P. H. Emmett and S. Brunauer, /. Am, Chem. Soc.j 69, 1663 (1937). 
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mechanism of energy transfer by means of the molecules leads to the 
relation 


X = 

where, according to A. Eucken,®^ 

97-5 


(4) 

(5) 


and 7 = ratio of specific heat at constant pressure to that at constant 
volume. 

For monatomic gases 7 = 5^, and for polyatomic gases 7 tends to 
approach the value 1, with increase in total number of atoms per mole- 
cule. 

Hence 


1 ^ ^ 2.5. 

Table 10 gives data published by W. G. Kannuluik and L. K. Martin,®^ 
on values of Xq (conductivity at 0® C) and of e, as derived from observa- 
tion by means of equation 4 and as calculated by means of equation 5. 

Similar data for these gases and a number of others are given in the 
treatise by Chapman and Cowling.®^ 

One important conclusion that follows from equation 4 is that the 
thermal conductivity of a gas is independent of pressure^ which is valid 
as long as the pressure is higher than the range in which molecular flow 
occurs. (See the following section.) 

With regard to the variation in X with T the following remarks may 
be made. To a first approximation the variation in value of X follows 
that in the value of ??, since € exhibits only a slight variation with T, 
However, for larger ranges of T, account must be taken of the increase 
with T in the value of Denoting the molecular specific heat^ at 

Phyaik. Z., 14, 324 (1913). Also see LBL, pp. 234-252. 

Ptoc, Roy, Soc. London^ A, 144, 496 (1934). See also the following references 
on this topic: 

H. Gregory and C. T. Archer, Proc. Roy. Soc. London^ A, 110, 91 (1926); 121, 
285 (1928). 

H. Gregory and S. Marshall, Proc. Roy. Soc. London, A, 114, 354 (1927); 118, 
594 (1928), 

B. G. Dickins, Proc. Roy. Soc. London, A, 143, 517 (1934). 

H. A. Daynes, Goa Arudym by Meoauremenla of Thermal Condv^ivity, Cam- 
bridge University Press, 1933, gives a very comprehensive table of relative thermal 
conductivities (air « 1) for a large number of gases, including hydrocarbons. 

«^CC, p. 241. 
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TABLE 10* 

Values of Heat Conductivity Compared with Coefficients of Viscosity 


Gas 

0 

0 

10%o 

c,(cal-g *) 

€ (obs.) 

€ (calc.) 

He 

34.3 

18.76 

0.746 

2.45 

2.44 

Ne 

11.12 

29.81 

0.150 

2.50 

2.44 

A 

3.82 

21.02 

0.0745 

2.44 

2.44 

Hj 

41.3 

8.50 

2.43 

2.00 

1.90 

Air 

6.76 

17.22 

0.171 

1.96 

1.91 

O 2 

5.83 

19.31 

0.157 

1.92 

1.95 

CO 

5.37 

16.65 

0.178 

1.81 

1.91 

CO 2 

3.43 

13.74 

0.153 

1.64 

1.72 

N 2 O 

3.61 

13.66 

0.155 

1.71 

1.73 


* To convert values of Xo from cal - cm ^ • sec ^ • deg ^ to watts • cm ^ • deg ^ 
multiply values in Table 10 by 4. 186. 

constant volume, by the following relations are given by J. R. Part- 
ington and W. G. Shilling®® for different gases. 


Gas 

7 -- CpJCy 




Cv 


Air 

1.4034 

4.924 

+ 

1.7- 

vr*T + 3.1 • 


N 2 

1.405 

4.924 

-h 

1.7* 

lo-*?’ + 3.1 • 

10-7 J .2 

O 2 

1.396 

4.924 


1.7- 

+ 3.1 • 

jo- 72’2 

CO 

1.404 

4.924 

+ 

1.7 • 

lo-^r + 3.1 • 

10-7 2’2 

H 2 

1.408 

4.659 


7.0- 

10-4y 


CO 2 

1,302 

6.547 

+ 

4.5- 

Kr’r - 1.02 


H 2 O 

— 

6.901 

— 

1.19 

• lo-’r + 2.34 • lo-'r® 

Hg, A, etc. 

1.667 

2.990 






Since the variation in ?; with T is given by the Sutherland relation, 
equation 8.16, it follows that, in terms of Xo in cal • cm"”^ • sec^^ • deg”*^ 


\t = 4.186Xo- 


(C + 273.2) Vf{l + aT + 
{27S.2f‘ ' 1 + C/T 


( 6 ) 


where a and 0 are determined from the expression for Cy as a function of 
T, and Xr is expressed in watts • cm~^ • deg"^^. For hydrogen ^ 


\t - 1.369 • 10~^ 



1 + 1.50 > IQ-^ 
1 + 84.4/r 



®*The Specific Heats of Oases, 1924. See also G. N. Lewis and M. Randall, 
Thermodynamics, McGraw-Hill Book Company, 1923, p. 80. The most recent 
publication is Bidl. 30, Cornell University Engineering Experiment Station, October, 
1942, which gives specific heats of a number of gases over a wide range of pressures 
and temperature^ 
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for argon, 


for nitrogen, 


\t = 1.470 • 10' 




Vt 


1 + U2/T ’ 


Xr = 2.009 • 10 


r^Vf( 


\ 


1 + 3.45 • IQ-^r + 6.30 • IQ- ^r^ 
I + 104/r 


)• 


Similar expressions for gases for wfcich X has not been determined can 
be derived, as is evident, from determinations of rj, using the observed 
values of C and values of € calculated from those of y by means of 
equation 6. 

It will be observed that the heat conductivities of hydrogen and helium 
are much greater than those of heavier gases, such as oxygen and carbon 
dioxide. 

For the case of a wire of radius a and length I, suspended along the axis 
of a cylinder of radius r, the energy loss per unit time due to thermal 
conduction by the gas is®® 


E = 


2Tal\m(T ~ To) 2w\J{T - To) 


a In (r/a) 


In (r/a) 


(7) 


where T — To is the difference in temperature and r/a is not *^exces- 
sively’^ large,®^ while Xm is the average conductivity over the temperature 
range T — To- 

The units in which E is expressed are usually in terms of watts • cm~^. 
The energy loss per unit area per unit time is 


Eo 


\m(T - To) 


a In (r/a) 

and the energy loss per unit length of wire per unit time is 

2w\m{T - To) 


El 


In (r/a) 


( 8 ) 


(9) 


Hence 

El = 2iraEo* (19) 

Since the total energy loss from a heated wire is the sum of that lost 
by radiation (which varies as T^ ~ Tq^) and that lost by conduction 
of the gas, the former has to be subtracted from the total energy loss in 

In « log, « 2.303 logio. 

The exact meaning of this requirement Will appear in the subsequent discussion. 
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order to obtain the amount due to the latter. Furthermore, in the case 
of short wires especially, a correction has to be made for the loss by 
conduction at the ends. 

For wires of low emissivity, such as platinum, operating at a tempera- 
ture below about 500® C, the loss due to radiation is negligible compared 
to that due t% conduction. 

Since the thermal conduction loss in the case of mixtures varies with 
both the nature of the gas and the composition, this has been applied 
to the analysis of gases. 

An instrument devised for this purpose by G. A. Shakespear,®^ known 
as a katharometeTj consists of a platinum spiral filament in a copper block. 
This instrument has been used extensively by English investigators for 
determinations of rates in gaseous reactions and for experiments on 
thermal transpiration (which is discussed in section 12).^^ 

10. THERMAL CONDUCTIVITY AT LOW PRESSURES 

As mentioned in the previous section, the heat conductivity of gases 
should theoretically be independent of pressure. That this is at least 
approximately confirmed by observation is illustrated by the data shown 
in Table 11 obtained by B. G. Dickins.^^ 

The values under W represent the total heat loss (in calories) by con- 
duction, from a platinum wire (a = 3.765 • 10“^ cm, I = 20.09 cm) 
suspended along the axis of a Pyrex glass tube (inside radius, r = 
0.3346 cm). The tube was maintained at about 0° C by external 
cooling, and At is the temperature differential between the wire and the 
wall. The pressure of the gas in millimeters of mercury is given in the 
third column, and the value indicated hy represents the heat loss 
extrapolated for P = oo. The values under \t give the thermal heat 
conductivity at the mean temperature indicated in the last column. 
The values of \t (in calories) were derived by means of the relation, 

‘ ^ ®®See A. Farkas and H. W. Melville, Experimental Methods in Gas Reactions^ 
Cambridge University Press, 1939, p. 190 (designated FM), also A. Farkas, Ortho- 
hydrogen, Parahydrogen, and Heavy Hydrogen, Cambridge University Press, 1935, for 
illustrations of the application of this method. 

Proc, Roy. Soc. London, A, 97, 273 (1920). See also the comprehensive dis- 
cussion of this instrument by H. A. Daynes, Gas Analysis by Measurement of Thermal 
Conductivity, Cambridge University Press, 1933. 

See especially a description of a modified construction by T. L. Ibbs, Proc. Roy. 
Soc. London, A, 99, 385 (1921), also 107, 470 (1925). W. E. Summerhays, Proc. 
Phys. Soc. London, 42, 218 (1930), has used the katharometer to measure the coef- 
ficient of diffusion of water vapor. 

Proc. Roy. Soc. London, A, 143, 517 (1934). 
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deduced from equation 9.7, 

Woo 


27ral • Xf 
a In (r/a) 


( 1 ) 


TABLE 11 


Variation in Thermal Conduction with Pressure (Dickins) 


Gas 

At 

P mm 

W 

Woo 

10‘x« 

fC 

Hi 

17.866 

625.0 

0.21323 

0.21494 

42.77 

9.04 



442.0 

.21258 






302.3 

.21145 






229.9 

.21038 






168.2 

.20875 






129.8 

.20692 




Air 

23.832 

91.7 

0.04021 

0.04052 

6.044 

11.94 



52.1 

.03997 






31.3 

.03961 






22.3 

.03926 






17.1 

.03891 






11.9 

.03825 




CO2 

23.80 

83.3 

0.02461 

0.02473 

3.694 

11.91 



40.5 

.02447 






19.2 

.02417 






11.1 

.02379 





It will be observed that over a range of pressures the values of W did 
not exhibit any considerable decrease. 

That the heat conductivity is practically constant over a large range 
of pressures is also shown by the plots in Fig. 4, of the energy loss (in 
watts) at constant temperature (about 99° C) from a platinum filament. 
The filament was a 14-cm length of 3-mil wire located along the axis 
of a glass tube 2.54 cm in diameter. The wall temperature was 0° C. 

As will be observed, the heat loss in hydrogen was about 10 times that 
in argon. The loss at a pressure of about 1 micron was 0.006 watt. 
A comparison of the relative losses in the three gases at 76 cm yields 
values which agree, within a few per cent, with the values of X given in 
Table 10. 

Thus, over the range 10 to 76 cm Hg, the heat loss in hydrogen 
increased only about 7 per cent, whereas in the range below 5 cm the 
decrease was nearly 100 per cent. Careful measurements show that at 
very low pressures the thermal conductivity decreases linearly with the 
pressure. 
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Fig. 4. Illustrating the variation in thermal conductivity with pressure, for nitro- 
gen, argon, and hydrogen. Ordinates give values of total watts conducted from 
platinum filament 14 cm long and 3 mil diameter along the axis of a cylindrical glass 
tube, diameter « 2.54 cm. Temperature of filament « 99® C, temp, of wall « 0® C. 
Scale of watts for hydrogen should be multiplied by 10. Abscissas give pressures in 

centimeters of mercury. 
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The theory of heat conduction at these pressures has been developed 
from two different points of view. The first of these, due to M. Knud- 
sen,^^ involves a consideration of the mechanism of energy transfer by 
individual molecules incident on the hot surface. 

The second point of view, due to M. von Smoluchowski,^^ is based upon 
the concept of a temperature discontinuity which is the thermal analogue 
of the phenomenon of ^^slip*^ discussed in Added Note 3 at the end of 
section 8. 

Free Molecule Conductivity (Knudsen). When molecules originally 
at a temperature Ti strike a hot surface at temperature {> Ti)^ 
complete interchange of energy' does not occur at the first collision. In 
fact it may often require many collisions for this to occur. Therefore 
Knudsen introduced a constant, known as the accommodation coefficient^ 
designated by a, which “can be defined as standing for the fractional 
extent to which those molecules that fall on the surface and are reflected 
or re-emitted from it, have their mean energy adjusted or ^accommo- 
dated’ toward what it would be if the returning molecules were issuing 
as a stream out of a mass of gas at the temperature of the wall.”^^ 

The molecules re-emitted or reflected from the hot surface conse- 
quently possess a mean energy which corresponds to a temperature 
lower than which we shall designate as Tr, and the accommodation 
coefficient is defined by the relation 


a = 



( 2 ) 


For a = 1, Tr = T,; for a < I, T, > Tr > Ti. 

In any treatise on kinetic theory of gases it is shown that the energy 
transferred from a surface at temperature T is given by E — 2kT 
(instead of ^kT, which is the average energy of the molecules in a 
volume). 

Let us now consider heat transfer in a monatomic gas at low pressure. 

Eq = energy transfer from hot to cold surface (at temperature Ti) 
per square centimeter of hot surface per second 

= . . 2k{Tr -- Ti) 

= \nvi * 2k (Tr — Ti) 

Ann. Physik, 31 , 205 (1910); 32 , 809 (1910); 33 , 1435 (1910); 34 , 593 (1911); 
and 6, 129 (1930). See also LBL, pp. 310-^5, and EHK, pp. 311-320. 

A number of papers published before 1911, and Ann, Physik^ 36 , 983 (1911). 
Also discussed by LBL and EHK. 

EHK, pp. 311-312. 
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1 

2 



a 

2 


Ti 


(Ts - r,), 


(3) 


where Vi = average velocity at 

Thus the rate of energy transfer at low pressure is proportional to the 
pressure and the temperature difference. 

For diatomic and polyatomic gases, the molecules striking the hot 
surface acquire not only increased translational energy but also in- 
creased amounts of both rotational and vibrational energy. The amount 
of the vibrational energy possessed by molecules as compared with the 
amount of translational energy is measured by the value of y. A 
detailed calculation leads, in these cases, to the relation 


Eq — 


a 

*8 



Ti 


(Ts - Ti), 


(4) 


which for y = % (case of monatomic gases) becomes identical with 
equation 3. 

In this equation, a has the value^^ 


otia2 

a = > 

«! + «2 "" 


(5) 


where ai and ^2 are the values of the accommodation coefficient for the 
two surfaces. 

Substituting for Vi from the relation in terms of Ti and M, equation 4 
assumes the form 


4 


Ro 


(273.2) 


lib 


1273.2 

\ Ti 


(T. - Ti) 


= oAoP^b 


273.2 

Ti 


(T. - Ti), 


( 6 ) 


where Aq = free-molecvle heat condtictivity at 0° C 

1 


^ 1 / t+ 1 \ 

2\7 - iJ\2t 


1.819 • 10 
VM (273.2) 


VM (273.2) 

• 10“^ /t + 1\ _ _ 

==( -) watts- cm ^-deg ^-microbar * (7) 

273.2) \Y - 1/ 


” See EHK, p. 316. 
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1.468 > 10~^ h + 1 \ 
VM \7 “• 1 / 


watts* cm ^-deg ^•micron (8) 


(In terms of g • cal • sec"'^ Ao should be multiplied by 0.2389.) 

Table 12 gives values of Aq in watts • cmT^ • deg^^ • microrT^ for a 
number of gases and vapors,"® and, for comparison, values of 4.86Xo 
(derived from the values in Table 10 and from other sources) which 
correspond to the conductivity at 0° C in terms of watts • cwT^ • 


TABLE 12 


Values of Moleculak Heat Conductivity 


Gas 

M 

y 

10®Ao 

4.186* 10% 

H 2 

2.016 

1.41 

60.72 

17.30 

He 

4.003 

1.67 

29.35 

14.36 

H 2 O 

18.016 

1.30 

26.49 

— 

Ne 

20.18 

1.67 

13.07 

4.66 

N 2 

28.02 

1.40 

16.63 

2.38 

O 2 

32.00 

1.40 

15.57 

2.44 

A 

39.94 

1.67 

9.29 

1.60 

CO 2 

44.01 

1.30 

16.96 

1.44 

Hg 

200.6 

1.67 

4.15 

■— 


In terms of g • cal per mole 
8.3144 ' 10^ 

So = 4 815 5 107 ^ 1-9865 g • cal • deg~^ • mole"^ 

Since 7 + 1 = {2C^ + 1.9865)/Cv, and 7 ~ 1 = 1.9865/Cv, where 
Cv = molar specific heat in g * cal, at constant volume, 

7 + 1 ^ 2C, 

7~1 ’^ 1.9865’ 

Hence equation 7 can be expressed in the form 


Ao = 

For coaxial cylinders of radii a and r (r > a), the rate of energy transfer 
per unit area from the inner cylinder or wire, at temperature Tg and at 
low pressures, is given by the relation 

/273 2 

Eo^ar- AoP,6 • (Tg - Ti) (10) 

A table of values of 7 is given by LBL, p. 446. Also see J. R. Partington and 
W. G. Shilling, The Specific Heal of Gases, 1924. 


C, 1 \ / Ro 
1.9865”^ 2/ \27rAf (273.2) ‘ 
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where 


^ — , ( 11 ) 

l-(l-a)(a/r) 

and a is assumed to be the same for the two surfaces. 

It is of interest to compare the rate of energy loss in hydrogen at 
atmospheric pressure with that at low pressures. At 1 atm, j&o = 
1.730 • 10""^ watts • cm""^ • deg~\ whereas, at Py, and Ti = 273.2, E'o = 
6.07 • 10“^P;^ watts • cm""^ • deg'"^ 

Jeans has pointed out^® that according to general dynamical consid- 
erations the constant a should be determined by a relation of the form 


a = 


4mm' 

(m + m'y^ 



( 12 ) 


where m' — mass for molecules striking the surface for which the molecu- 
lar mass is m. 

For completely roughened surfaces a = 1. Values of a which have 
been observed for different cases are given in Table 13.^^ 

Temperature Discontinuity (Smoluchowski). At the end of section 8 
mention was made of the phenomenon of ^‘slip’’ which occurs in a gas at 
moderately low pressures. There was introduced in equation 8.35 a 
coefficient of slip f = /?L, to account for the apparent decrease in vis- 
cosity at low pressures. 

An analogous phenomenon was observed by Smoluchowski in the 
case of thermal, conduction at low pressures. For two parallel plane 
surfaces separated by a distance d, the heat loss per unit area per unit 

M. von Smoluchowski, Ann. Physik, 36, 983 (1911). 

78 JHJ, p. 193. 

7® The data for platinum are from LBL, p. 321. The data for tungsten are from 
H. A. Jones and I. Langmuir, Gen. Elec. Rev., 30, 364 (1927), while those for '‘ordi- 
nary'’ platinum are from B. G. Dickins, Proc. Roy. Soc. L(mdon, A, 143, 517 (1934). 
That the value of the accommodation coefficient is greatly affected by the nature 
of the surface film has been shown by K. B. Blodgett and I. Langmuir, Phys. Rev., 
40, 78 (1932). In the case of a tungsten wire in hydrogen at 0.20 mm, the value of 
a changes from 0.534 for bare tungsten to 0.094 for tungsten with an adsorbed film 
of oxygen. The general problem of the interaction between molecules and solid 
surfaces, which is obviously involved in the interpretation of a, has received consider- 
able attention from a number of investigators. For detailed discussion, especially 
with regard to the role of a in adsorption phenomena, see LBL, p. 311, etc., also 
J. K. Roberts, Some Problems in Adsorption, Cambridge University Press, 1939. 
Values of a for air and a number of different metals having etched, polished, and 
machined surfaces have been determined by M. L. Wiedmann, Trans. Am. Soc. 
Mech. Eng., 68 , 57 (1946). These values range from 0.87 to 0.97. 
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TABLE 13 

Values of the Accommodation Coefficient for Hydrogen, Oxygen, 
AND Carbon Dioxide 


Surface 

H2 

02 


COj 

Polished Pt 

0.358 

0.835 


0.868 

Pt slightly coated with black 

.556 

.927 


.945 

Pt heavily coated with black 

.712 

.956 


.975 


H2 N2 

A 

Hg 

Air 

Tungsten 

0.20 0.57 

0.85 

0.95 


Ordinary Pt 

00 

.89 


0.90 


time may be represented at these pressures by a relation of the form 


£^0 


\n{Ti - Tq) ^ 
d 2g 


(13) 


where Xm is the mean conductivity over the range Ti — To. 
In this e(iuation, ^ is a coefficient defined by the relation 


AT - -g 


dx 


(14) 


where AT represents the temperature discontinuity at any one surface, 
and dTJdx is the temperature gradient normal to the surface. 

As shown by Kennard, 

2 - a 2 X , 

g := . . . jT, 

a y + 1 TjCv 


2 - a 26 
a 7 + 1 


L = /3'L, 


(15) 


where the numerical constant e has, a value, according to equation 9.5, 
which varies between 1 and 2.5, and is a numerical constant of the 
order of unity. 

Hence equation 13 may be expressed in the form 


JP ^ ^o) _ — Tq) 

“ d + 20' L ~ d + 20'c/P ’ 


(16) 


where a is assumed to be the same for both surfaces, also L = cl P, and 
the symbol Eop indicates that the conductivity per unit area is a func- 
tion of P. 

For a hot wire of radius o situated along the axis of a cylindrical tube 
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of radius r, equation 16 must be replaced by the relation 


~ To) 

a In (r/a) + {ff'clP){alr + 1) 


(17) 


where it is assumed that a is the same for bbth the wire and inside sur- 
face of the cylinder. 

For very low values of P, equation 16 becomes 


Eop = 


Xm(Pl ~~ Pq) ^ 
2/3'c 


and equation 17 becomes 


^ - To) -P 

/?'c(l + a/r) 


(18) 

(19) 


That is, at very low pressures Eop is independent of d and varies linearly 
with P. This conclusion is identical with that deduced above by 
Knudsen for the case of free-molecule flow. That equation 18 is identi- 
cal with 6 may be shown as follows: 

Substituting for jS' from equation 15, for \m from equation 9.4, and 
utilizing the relation rj = 0.5pVaLj we obtain the result 


Xm ^ aerjCviy + 1) 

2^'c “ (2 - a)4€PL 

/ OL \ 1 / I 1 \ 1 

+ pz: 


/ g y/ 7 + l \ RqMP fl 
\2-a/8\y-l/PMRoTi\' 


SRpTi 

wM 


Rp 

l2TMTi 


where a/ (2 — a) takes the place of a used in equation 6. 

Equations 16 and 17 can be expressed in a form which is very 
convenient for calculation. We shall consider especially equation 17, 
which is more important in practical measurements of heat conductivity. 
This equation may obviously be written in the form 

1 ^ g In r/a , ^ /gO'l 

Eop \niT^-To)'^ P' ^ ^ 

That is, if 1/Eop is plotted against 1/P a straight line is obtained. 
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From the intercept for 1/P = 0, which we shall designate by 1/Eq^, 
the value of may be obtained, while the slope is given by the relation 


A{l/Eo) 

A(l/P) 


where X is a constant determined by the relation 

fi'c(l+a/ r) 

Eo. a In (r/a ) ' 


( 21 ) 


Equation 20 thus applies to the transition range of pressures in which 
Eq changes from being independent of pressure (at higher pressures) 
to varying linearly with the pressure (at very low pressures). 

The validity of this conclusion can be illustrated by its application 
to two sets of data, of which the first is that given in Table 11. 

A plot of 1/W = l/(27rZaPo) against 1/P yields, as Dickins has 
shown, a straight line for each gas, and the values of \t given in the table 
were deduced from the values of l/Woo which correspond to the inter- 
cepts on the ordinate axis for 1/P = 0. (See equation 1.) 

The other set of data is that obtained by Knudsen®^ on the rate of 
energy transfer from a very fine tungsten wire in hydrogen. In this 
case, a = 2.2 • 10“^ cm, I = 9.65, and r = 0.535. Hence 27ral == 
0.01334 cm^. For the range P^^ = 10® to P^b = 6000, AT = 2.98® C; 
from 6000 to 400 microbars, AT = 32.73; and for pressures below 
400 microbars, AT = 104.2® C. 

Table 14 gives the values of P^ib and Eq/AT in cal • cm“^ • deg”^ • 
sec~\ along with the reciprocals of each of these quantities. 


TABLE 14 

Data (according to Knudsen) Used in Plot in Fig. 5 


Pfxh 


l&Eo/^T 

io-»Ar/£o 

10-9P^6 

loVP^i 

lO^BoMT 

AT/Pq 

107.3 

9.33 

40.77 

2.453 

3.200 

31.3 

11.65 

85.8 

214.8 

4.66 

81.56 

1.226 

6.355 

15.74 

22.05 

45.4 

322.1 

3.11 

122.1 

0.819 

13.45 

7.435 

42.12 

23.75 

428.6 

2.33 

162.1 

0.617 

35.0 

2.857 

83.9 

11.92 

534.8 

1.87 

201.5 

0.496 

66.8 

1.495 

121.9 

8,20 

640.0 

1.56 

241.4 

0.414 

129.0 

0.775 

190.9 

5.24 

744.6 

1.34 

280.5 

0.357 

505.0 

0.198 

211.1 

4.74 

848.6 

1.18 

319.2 

0.313 

1016.0 

0.0984 

223.9 

4.47 

950.9 

1.05 

357.6 

0.280 

00 

0 

(227) 

(4.4) 

1063.3 

0.949 

395.4 

0.253 





1075.0 

.930 

400.9 

0.249 






Ann. Phyaik, 84 , 593 (1911). 







58 


KINETIC THEORY OF GASES 


[Chap. 1 


A plot of ^T/Eq versus 1/P^6 (see Fig. 5) yields a straight line, for 
the range = 3.2 • 10^ to Py,h = 1.016 • 10® (2.4 mm to 762 mm) 
with the values 


rf(AP/Po) 

dil/P,,) 


2.60 • 10 ®; 




0.227. 



Fig. 5. Plot of AT/Eo versus of Knudsen’s data in Table 14. Ordinates 

give values of deg C/(cal • cm""^ • sec"*^). 


In the range P^b = 1053.3 to P^6 - 107, 


^ = 3.72-10r«P,,. 


That is, the energy loss varies linearly with P. 
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From the value 



0.227 


X 


m 


a In (r/a) 


2.2 • In (535/0.22) 


it follows that Kn = 38.9 • 10“® C£il • cin“^ • deg""^ • sec~^, which is in 
good agreement with the value given for Xo in Table 10. 

On the other hand, it follows from the values in Table 12 that, at 
low pressures and 0° C, 

~~ = J = 1 09 • 10~® oirP^b cal • deg~^ • • sec“^ 


Hence ar = 


3.72 • 10 


1-6 


10.9 • 10 


1-6 


0.34, and a = 0.34, since a/r is negligibly 


small. That is, the accommodation coefficient for hydrogen on tungsten, 
as deduced from Knudsen^s measurements, is 0.34. 

It follows from the relations given above for Eop that, in order to 
obtain the minimum dependence on pressure, a should be made as large 
as possible and r nearly equal to a. 


11. LANGMUIR*S FILM THEORY OF HEAT CONDUCTION 

In a very interesting paper published in 1912,®^ I. Langmuir formu- 
lated a theory of the mechanism of heat conduction from wires (as well 
as plane surfaces), which deserves a great deal more attention than it 
has received. 

Observations on the heat losses in hydrogen from tungsten wires 
heated to incandescence showed that whether the wire was in a hori- 
zontal or vertical position made a difference of only a few per cent (at 
constant temperature) in the heat loss. ‘This,” states Langmuir, 
“was strong indication that the heat loss was dependent practically only 
on heat conduction very close to the filament and that the convection 
currents had practically no effect except to carry the heat away after it 
passed out through the film of adhering gas.” 

Let us consider, first, a plane surface in a gas at normal pressures. 
Assuming that the whole temperature drop occurs in a film of thickness 5, 
adjacent to the surface, the rate of energy loss (due to conduction) per 

Phys, Rev,f 34, 401 (1912). See also H. A. Jones, Gen, Elec, Rev,, 88, 660 (1925). 
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unit area is given by the relation 


W = 


X- AT 
B 


cal • cm ^ • sec 


( 1 ) 


where AT is a relatively small temperature drop. Since, as shown in 
equation 9.6, X is a function of T, it follows that for a large difference in 
temperature, T 2 — Ti, 


4.186 rn « 

= — — / \dT watts • cm ^ 
B Jti 


B I 


4.186 f ^ rn 
= M \dt- I \dT 

Jo Jo 


4.186 

B 


„(</>2 01 ), 


( 2 ) 


where 0 = \dT. 

Log-log plots of the values of 4.1860 versus T, as calculated by 
Langmuir, for both hydrogen and air, show that the data may be repre- 
sented, to within an error not exceeding 2.5 per cent, in the range 
1300 ^ T 300, by the following equations:®^ 


For H 2 : log (4.1860) = -4.965 + 1.78 log T, ( 3 a) 

For air: log (4.1860) = -5.877 + 1.81 log T. (3b) 

In the case of a wire of radius a, the energy loss will occur through a 
film of adherent gas, the outer edge of which is at a distance b from the 
axis of the wire. As shown by Langmuir, the value of b satisfies the 
relation®^ 


and the energy loss per centimeter length of wire is given by the relation 

W = 4.186 j watts 

In (b/a) 

== 4.186s (02 — 0i) watts, 

Values of 4.186(02 — 0i) for hydrogen for the case in which the lower temper- 
ature is 80® K (boiling point of nitrogen) are given by K. B. Blodgett and I. Lang- 
muir, Phys. Rev., 40, 78 (1932). 

In this and the following sections, In a; = loge x » 2.303 log x, where log refers 
to ordinary logarithms. 


(5a) 

(56) 
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where 2^ 

^ In (6/a) 


( 6 ) 


Introducing into the last equation the relation expressed by equation 4, 
it follows that 


a 




B 


(7) 


Table 15 (taken from Langmuir's paper) gives corresponding values 
of s and a/B as derived by means of the last equation. I’igure 6 shows 
a plot of these data on semi-log scale. The scales for curves I and II are 
indicated by arrows. 


TABLE 15 


Values of s as a Function of a/B (Langmuir) 


s 

a/B 

s 

a/B 

8 

a/B 

8 

a/B 

0.0 

0.0 

5.0 

0.453 

10 

1.696 

30 

7.738 

0.5 

0.735- 10-® 

5.5 

0.558 

12 

2.263 

32 

8.370 

1.0 

0.594- 10~3 

6.0 

0.671 

14 

2.844 

34 

8.995 

1.5 

0.725- 10-2 

, 6.5 

0.788 

16 

3.438 

36 

9.622 

2.0 

2.752- 10~2 

7.0 

0.908 

18 

4.040 

38 

10.25 

2.5 

0.0644 

7.5 

1.032 

20 

4.645 

40 

10.87 

3.0 

0.1176 

8.0 

1.160 

22 

5.263 

42 

11.50 

3.5 

0.185 

8.5 

1.'291 

24 

5.877 

44 

12.14 

4.0 

0.265 

9.0 

1.424 

26 

6.505 

46 

12.77 

4.5 

0.354 

9,5 

1.561 

28 

7.122 

48 

13.40 

5.0 

0.453 

10.0 

1.696 

30 

7.738 

50 

14.03 


From measurements of the energy losses from platinum wires in air,^^ 
Langmuir derived the conclusions that, for air at 20° C and 760 mm Hg, 
B == 0.043 cm and is ^^surprisingly independent" of T, He also con- 
cluded that B should be proportional to the viscosity and inversely 
proportional to the density, ‘Tor it is the viscosity that causes the 
existence of the film and it is the difference of density between hot and 
cold gas (proportional to the density itself) that keeps the film from 
becoming indefinitely large." That is, 


B = const. - 
P 

= const. VaL = 


const. L 



( 8 ) 


where Va and L correspond to values at Ti (the lower temperature). 

course, the loss due to radiation was subtracted from the total observed 
energy loss. 
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Assuming that, for air at 1 atm and 20° C, B = 0.43 cm, it follows 
from the last equation that, for H 2 at 1 atm and 20° C, 5 = 3.0 cm. On 
the other hand, observations on the heat losses from tungsten wires in 
H 2 and N 2 ,®^ in which the values of s were determined from the observed 




0 2 4 6 8 



Fig. 6. Plots of a/B versus s according to data in Tabic 15, deduced for thermal 
conduction, at normal pressures, through a film surrounding a wire. Appropriate 
scales for curves I and II are indicated by the arrows. 

values of W and the values of (<^2 — <t>\) calculated according to equa- 
tion 56, lead to the values B = 1.35 for H 2 and 0.68 for N 2 at 750 mm 
pressure. 

I. Langmuir and G. M. J. Mackay, J. Am. Chem. Soc.^ 86, 1708 (1914), and I. 
Langmuir, ibid., 37, 417 (1915). 
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As the pressure is decreased, the value of b increases and the following 
table®® gives values deduced from experimentally determined values of s 
for the heat loss from a tungsten wire in hydrogen (a = 0.00353), at 
20° C. The last column gives values of B calculated from those of b by 


P mm 

8 

b 

B 

750 

1.25 

0.54 cm 

1 . 35 cm 

200 

0.88 

9.0 

32.1 

100 

0.72 

45.0 

196.3 

50 

0.56 

530.0 



means of equation 4. It is evident that, for pressures below atmos- 
pheric, B becomes greater than the distance from wire to wall. ^‘This 
means,” as Langmuir states, ‘That the heat loss from the filament is 
actually less than if there were no convection currents and the laws of 
heat conduction could be applied.” The decrease in value of s at the 
lower pressures is actually due, as Langmuir points out, “to a tempera- 
ture discontinuity at the surface of the wire, which becomes appreciable 
at pressures even as high as 200 mm, and increases with decrease in 
pressure.” 

The problem of heat conduction at low pressures from a wire of 
radius a, suspended coaxially in a glass tube of radius r, where r is very 
much greater than a, has been discussed from the point of view of Lang- 
muir^s film theory by H. A. Jones.®® 

Following the relations developed by M. v. Smoluchowski, which 
have been discussed above, Jones substitutes for ecjuation 5a, in the 
case of low pressures, a relation of the form 

In (6/a) + y{l/a + 1/6) 


where W = watts lost by conduction per unit length of wire, b = radius 
of the outside edge of the film, and y varies as L. Since b is very large 
compared to a, the last equation may be replaced by 


4,186 • 27r(</>2 — </>i) 

■ ■■ ' ■■ ■ M . • 

In (6/a) + y/a 


(96) 


Jones has applied this equation to calculate the heat loss from iron 
wires in hydrogen at 100 mm of Hg, and at the two temperatures, 840° K 
and 1045° K, respectively, between which ballasting action is obtained. 

*• /. Am. Chem. Soc., 37, 419 (1915). 

A further application of Langmuir’s film theory to account for the effect of gas 
presBure on rate of evaporation is discussed in Added Note 6, at the end of section 14. 

«» Om. Elec. Rev., 38, 650 (1925). 



64 


KINETIC THEORY OF GASES 


[Chap. 1 


(This is the temperature range in which the current is maintained prac- 
tically constant when the lamp is used in series with a load on a variable 
voltage source.) 

The value of b has been deduced by Jones by means of equation 4 from 
the following semi-empirical relation for By deduced by C. W. Rice®^ for 
hydrogen: 


0.5442a®-'® f (T + 

[m+T+ToVT^o 


cm 


( 10 ) 


where T = temperature of the wire in deg K, 

Tq — temperature of the wall in deg K. 

The values of B and b thus calculated for different values of a are 
given in the respective columns in Table 16. 

According to Smoluchowski's views, y is proportional to the mean free 
path L, and Jones derives the values given in the last row of the table. 
According to the data in Table 16, L = 9.32 • 10""^ cm, for H 2 at 25° C 
and 100 mm. It follows from equations 8.17 and 8.15 that, for any other 
temperature, T, 


Lr T /I + 84.4/298.2Y 
Laos” 298.2 V 1 + 84.4/T / 


TABLE 16 

Film Thickness, Energy Loss, and Related Data for Iron Filaments in 
Hydrogen at 100 mm Hg and at Two Temperatures 


T = 840 


a 

B 

In b/a 

h 

via 

W 

B 

In b/a 

6 

yla 

W 

0.00127 

2.66 

5.86 

0.454 

0.939 

1.359 

2.57 

5.85 

0.439 

0.988 

2.1 

.0127 

2.88 

4.025 

0.715 

.0939 

2.248 

2.76 

4.0 

0.690 

.0988 

3.5 

.0635 

2.82 

2.772 

1.017 

.0188 

3.31 

2.70 

2.74 

0.985 

.0198 

5.19 

.127 

2.75 

2.265 

1.213 

.0094 

4.065 

2.65 

2.25 

1,177 

.0099 

6.35 


T = 1045 


Lt = 3.06 • 10“^ y = 11.92 • lO""* cm 


Lt = 3.88 • 10-^ 
y = 12.55 • 10“"^ cm 


The values of Lt thus deduced are also given in the last line in Table 
16. Thus, at 840° K, 2 / = 3.89Lr, and at 1045° K, 2 / = 3.23Lr. 

Finally, the values of the function 4.186(02 0i) used in equa- 

tion 96, as deduced from equation 3a, are: 1.468 watts • cm"^^ and 

Trans, A.I.E.E.^ June, 1923, also February, 1924. 
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2.294 watts - cm ^ for T = 840 and T = 1045 respectively, and Tq = 
293. 

The values under W give the watts lost, by conduction, per unit length 
of wire. 


12. THERMAL TRANSPIRATION (THERMOMOLECULAR FLOW) 


From equation 5.3, 


G = mv - -pva - 
4 



it follows that the rate of efflux of a given gas through a small 
opening varies as pV T. If we have two chambers A and B, separated 
by a porous plug, at two different temperatures, Ta and Tbj transpira- 
tion will occur until an equilibrium state is established at which 


and, since 


Pa'^Ta = pb^Tb 

p = , 

RoT 

Pb ^Ts' 


( 1 ) 


( 2 ) 


This is of importance in observations at low pressures. For instance, 
if the chamber .4 is a part of a system at liquid-air temperature {Ta = 90) 
and the pressure is measured by means of a gauge at room temperature 
(Tb = 300), then the real value of Pa is given by the relation 

fan 


Equation 1 or 2 is valid for two vessels connected by small-bore tubing 
provided that 2a, the diameter, is small compared to L, the mean free 
path. When, however, L is very much smaller than 2a, so that collisions 
between molecules become predominant over collisions against the walls, 
then the condition of equilibrium is Pa = Pb) in consequence of which 


^ 

PB Ta 


( 3 ) 


There exists therefore a range of pressures in which the pressure 
relation changes from that given by equation 3 to that given by equa- 
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tion 2. The smaller the diameter of the connecting tube, the higher 
the pressure at which equation 2 is valid. 

The theory of the phenomenon was first discussed by Maxwell (1879) 
and, subsequently, by M. Knudsen,^^ who cj^rived equations for the 
pressure gradient along the connecting tube as a function of the tube 
diameter and pressure in the hot chamber. For low pressures such that 
L is of the same order of magnitude as a, he derived the relation 

k2 P 

dT 8 (1 + 2a//>) ‘ 

where k 2 is a coefficient which varies slightly with the value of 2a/ L 
and tends to the value % for L very large compared to o. It follows 
that, for a/L = 0, the last equation becomes identical with equation 2.®^ 

F. C. Tompkins and D. W. Wheeler, who investigated the problem 
experimentally, give the following summary of Knudsen’s interpretation: 

Knudsen has shown that the phenomenon can be adc^quately explained by two op- 
pasing flows in the gas mass — an axial one, from the hott(T to the colder region, and 
a surface flow along the walls in the reverse direction. At equilibrium these are equal 
in magnitude. He assumes that any plane surface consists of tooth-like projections 
of molecular dimensions, so that any molecule striking the walls is repelleil in a 
direction which is totall\ independant of the angle of incidence and, after reflection, 
obeys the Lambert Cosine Rule for the reflection of light from a glowing body. In 
consequence, any unit of surface will receive a larger momentum from the collision 
of molecules coming from the warmer side, and therefore a tangential force along 
the walls is set up, tending to drive the molecules near the surface from the colder to 
the hotter parts. The axial flow is the ordinary passage of gas from a region of higher 
temperature to that of a lower one. 

This ^‘double streaming” must exist at all pressures, but can only be of importance 
at low pressures, where Poiseuille’s Law^^ is no longer valid. At higher pressures, 
the flows will be limited by the frequency of collisions in the gas phase and therefore 
the thickness of the surface layer can never be greater than that of the order of the 
mean free path of molecules. Consequently, as the pressure is increased the axial 
current becomes the main factor and then Gay-Lussac’s Law will operate and there 
will be equality of pressure throughout the apparatus. 

The intermediate transition region between the two limiting cases is one of great 
difficulty from a theoretical point of view. Here, molecules come from points far 
enough away from the walls to have speeds which bear no relation to the temperature 
of the surface at the point of impact, and therefore the isothermal surface in the gas 
will not be perpendicular to the length of the tube and will become more oblique as 
the pressure is increased. 

Ann, Physik, 31, 205, 633 (1910). 

It should be observed that, in deriving values of L from those of i;, Knudsen 
used equation 8.5. This, however, does not affect the conclusion that dPjdT in- 
creases with decrease in the value of 2a/L. 

Trans. Faraday Soc., 29, 1248 (1933). 

See discussion of this topic in Chapter 2, section 1. 
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For this reason Knudsen introduced the coefficient Jfc 2 , mentioned in 
equation 4.®^ 

In their experiments Tompkins and Wheeler measured the ratio of 
pressure, r = PaIPb, in two vessels A and B connected by glass tubing 
1 cm in diameter, for Tb = 298® and Ta = 90® and 193® respectively. 
Hydrogen was used, since it is not adsorbed to any noticeable extent by 
glass surfaces at these temperatures. The values observed for r at these 
two temperatures for a series of pressures in microns, in chamber B, are 
given in Table 17. 


TABLE 17 

Values op r = PaIPb fob Thekmal Transpiration 


PfiB 

II 

8 

o 

Ta = 193*" 

0 

0.550 (calc.) 

0.805 (calc.) 

10 

0.716 

0.854 

20 

0.817 

0.907 

40 

0.929 

0.951 

60 

0.985 

0.977 

80 

1.019 

0.988 

100 

1.033 

0.996 

120 

1.034 

1.001 

140 

1.034 

1.004 


The values of r greater than unity represent, of course, experimental 
errors. It should be pointed out that, for = 10 of hydrogen and 
2a = 1, 2a/L = 1/0.931 = 1.074. 

Similar results have been obtained by J. Smittenburg^^ in his deter- 
minations of the sorption of hydrogen by nickel wire, over the range 
90® K to 873® K. 

These observations indicate that equation 2 yields too low a value of 
Pa unless 2a/ L is of the order of magnitude of, or less than, 0.1. 

13. THERMAL DIFFUSION 

The thermal-diffusion effect has been described by T. L. Ibbs^® as 
follows: 

If a temperature gradient is applied to a mixture of two gases of uniform concen- 
tration there is a tendency for the heavier and large molecules (mass mi, diameter 6i) 

A detailed discussion of Knudsen^s theory is given in Vacuum Practice, by Louis 
Dunoyer, translated by J. H. Smith, D. Van Nostrand Company, New York, 1926 
(designated LD). 

Rec. trav. chim., 68 , 1065 (1934). 

Physicaf 4 , 1136 (1937). This is a non-mathematical discussion of the subject, 
which gives a list of references to previous papers. 
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to move to the cold side, and for the lighter and smaller molecules (mass m 2 , and 
diameter 62 ) to move to the hot side. The separating effect of thermal diffusion 
(coefficient Dt) is ultimately balanced by the mixing effect of ordinary diffusion 
(coefficient D 12 ) so that finally a steady state is reached and a concentration gradient 
is associated with the temperature gradient. The N^mount of thermal separation 
thus produced by a given difference in temperature depends upon the ratios mi/m 2 
and 5 i/ 52 , and upon the proportion by volume of the heavier gas /i and of the lighter 
gas /2 (where fi + f 2 == 1 ) and also upon the nature of the field of force operating 
between the unlike molecules. 


The effect was predicted by D. Enskog (1917) and, independently, by 
S. Chapman and F. W. Dootson.^^ 

Following the earlier experimental investigations of T. L. Ibbs and 
others, K. Clusius and G. DickeP® devised a continuous method for 
separating mixtures of gases and isotopes which has been applied 
extensively by subsequent investigators. 

In this section the discussion will be limited largely to the experimental 
data, since the mathematical theory is quite complex and beyond the 
scope of the objectives of this chapter. 

The coefficient of theimal separation is defined by the relation 

(I) 

tJ\2 


where Dt and D 12 have been defined above. Now 

k = 

^ d\nT d\nT' 


( 2 ) 


If kr is a constant, then we obtain from equation 2 the relation 

M=kT\n'^ 

^ 2 


( 3 ) 


= amount of separation, 

where Ti and T 2 denote the hot and cold temperatures, respectively. 

Figures 7 and 8 illustrate results obtained by Ibbs®® with mixtures of 
H 2 and N 2 . The concentrations of H 2 in the different mixtures varied 
from 4.7 per cent for No. 2 to 50.5 per cent for No. 7. It will be ob- 


Phil. Mag., 33, 248 (1917). See also JHJ, p. 261. A mathematical treat- 
ment of the subject is given by Chapman and Cowling in their treatise (CC, pp. 
253-258), also by W. H. Furry, R. Clark Jones, and L. Onsager, Phys. Rev., 66 , 1083 
(1939), and R. C. Jones and W. H. Furry, Rev. Modern Phya., 18, 161 (1946). A 
^‘simple theory'' has been published by L. J. Gillespie, J. Chem. Phya., 7, 630 (1939), 
and a much more elaborate mathematical discussion has been published by S. 
Chapman, Proc. Roy. Soc. London, A, 177, 38 (1940-1941). 

Naturmaaenachaf ten, 26, 646 (1938); 27, 148 (1939). 

»» Proc. Roy, Soc. London, A, 107, 470 (1925). 
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served that these observations are in accord with equation 3 since A/ is 
found to be a linear function of log {Ty/T^). Figure 8 shows the varia- 
tion in value of A/ with composition for a constant value of the ratio 
TiIT2. 



LogioTi/i; 

Fig. 7. Relation between degree of separation by thermal diffusion and log {T 1 /T 2 ) 
for mixtures of H 2 and N 2 . 



Fig. 8. Relation between composition of H 2 -N 2 mixtures and degree of separation 

for log (T 1 /T 2 ) - 0.2. 


Chapman has shown that kr can be expressed in the form^®® 

Afi + Bf2 


kx = 


1 + Cfi/f2 + Df2/fl 


( 4 ) 


See L. J. Gillespie, J. Chem. Phys., 7, 630 (1939), for discussion of the derivation 
of this equation. 
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where the coefficients ^ to Z> are functions of the molecular weights and 
of the ratio 5i/52. These can be calculated from the force constants ^12 
in the relation F = which expresses the force of repulsion 

between a pair of unlike molecules as a function of r = ^(5i + 62). 

The separation in a mixture of H2 and CO2 ^as investigated by Ibbs 
and A. C. R. Wakeman^^^ over a range of 600^^ C. For any given 
mixture it was observed that the amount of separation was in accordance 
with equation 3. For a constant difference in temperature, A/ increased 
from 0 for pure H2 to a maximum value, A/ = 0.0365 (for AT = 600°), 
for a mixture containing 61 per cent H2. 

According to Chapman, kr in this case should be given by a relation 
of the form 

6 [ O.2I6/1 + 0.139/2 

^ 2 [1.275 + I.409/1//2 + O.232/2//1 



where /i refers to CO2, and/2 to H2. Since this relation is deduced on 
the assumption that the molecules behave as rigid elastic spheres with 
a force relation in which cS has a definite value for the interaction between 
the two types of molecules, it was expected that the observed values of 
kr would differ from those calculated. The following table gives the 
results of a series of measurements. The last column gives values of a 
constant defined by the relation 

^ kr observed 

kr calc, for rigid elastic spheres 



Temperature Range 

kr (calc.) 

kx (obs.) 

Rt 

0.469 

Below 144° C 

0.1576 

0.0665 

0.422 


Above 144° C 

.1675 

.0939 

.596 


At 470° C 

.1575 

. 1045 

.663 

0.34 

Below 146° C 

.1685 

.0695 

.415 


Above 146° C 

.1685 

.0929 

.552 


For CO2-N2 mixture, Chapman^s expression for fcy is of the form 

_ 5 [ 0.163/1 + 0.167/2 

^ 2 [3.38 + 2.I54/1//2 + I.48O/2//1 



where /i again refers to the heavier gas. (In all the following equations 
/i has the same significance. ) 

For /i = 0.494, the value of kr calculated = 0.0564, whereas the 
value of Rt observed varied from 0.247 for temperatures below 144° C 
to 0.441 for temperatures above 144° C. 

Proc. Roy. Soc. London, A, 134, 613 (1932). 
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For the mixtures A-He, Ne-H 2 , and N 2 -He, relations similar to (i) 
and (ii) for kr have been published by Ibbs and K. E. Grew.^®^ All 
the observed values of Rt showed a decrease with decrease in tempera- 
ture down to — 190° C. 

According to Chapman and Cowling, 



Hence observations on the values of 72^ should yield values of Si 2 . In 
fact the observations on thermal diffusion of gases should reveal interest- 
ing information on the forces between molecules. Table 18 gives values 
of the repulsive force constant Si 2 as determined from observed values 
of Rt) and, for comparison, values of and S 2 for the individual gases, 
as determined from other phenomena. 

TABLE 18 

Values of *‘Force” Constants for Interaction of Molecules 


Gases 

Rt 

«12 

Si 

82 

O 2 -H 2 

0.48 

7.3 

7.6 

11.3 

N 2 -A 

0.47 

7.2 

8.8 

7.35 

H 2 -N 2 

0.58 

8.2 

11.3 

8.8 

He-A 

0.65 

9.0 

14.6 

7.35 

HjrNe 

0.74 

11.4 

11.3 

14.5 

H 2 -CO 2 

0.47 

7.2 

11.3 

5.6 

Ne-A 

0.54 

7.9 

14.5 

7.35 

He-Ne 

0.80 

11.4 

14.6 

14.5 


In 1938, as mentioned previously, Clusius and Dickel^^^ devised an 
arrangement of hot and cold surfaces that could be utilized practically 
for the separation of mixtures of different gases and of isotopes. They 
used a long vertical tube with a hot wire along the axis. Because of 
thermal diffusion, the relative concentration of the heavier molecules is 
greater at the cold wall. Convection causes the gas at the hot surface 
to rise to the top, where it is deflected to the cold wall. There the gas 
sinks to the bottom and the cycle is then repeated. As a result, the 
heavier component concentrates at the bottom j and the lighter at the top. 

For instance, in a chamber 1 meter in height, for a temperature 
difference of 600° C, it was possible to separate a mixture containing 
40 per cent (by volume) CO 2 and 60 per cent H^, with a yield of prac- 
tically 100 per cent CO 2 at the bottom and 100 per cent H 2 at the top. 

1 ®* Proc. Phys. Soc. London, 43 , 142 (1931). 

Loc, cU* 
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-Porcelain insulators 


-2.(r O.D., 0.032" wall 


In a chamber 2.9 meters in height, for a temperature difference of 600° C, 
air (21 per cent O 2 , 78 per cent N 2 ) could be separated, yielding 85 per 
cent O 2 at the bottom. Finally, from a mixture of 23 per cent HCl^^ 

and 77 per cent HCF^, a mixture 
^No. 8 Nichrome V wire containihg 40 per cent of the 
5 heavier isotope was obtained at the 

5 ^ ’^Porcelain insulators bottom of the diffusion chamber. 

Arc a. Keith Brewer and A. Bram- 

i\s g « OT ley^^^ used a heated inner tube 1 

^ ^ p § 5 T ^ cm in diameter, and an outer 

? I ^ cooled concentric tube 2 cm in 

y >ir-2.5"O.D., 0.032" wall diameter, each 1 meter long. 
! I , With a 350° C difference in tem- 

m. ^1 n perature, He and Br 2 could be 

^ r - separated, so that after 1 5 minutes 
^ could be detected at the 

0 . 75 " O.D., 0.035" wall top. Under similar conditions a 

50-50 mixture of CH 4 and NH 3 

Water enriched 25 per cent in NH 3 

at the bottom. They deduced 
'/ PI the following relation: ^Tf I de- 

notes the cylinder length, r the 
'^'—Glass radius of the outer tube, and d 

the difference in radii, then, to a 
Fig. 9. Cross-sectional view of column .first approximation, the rate of 
used for thermal diffusion experiments by separation varies as rd and the 
Nier. The column is used as a return purity as l/d ” 
lead for the current flowing through the tt,. r, , ,, i j*/v • 

Nichrome wire Figure9showsathermal diffusion 

column developed by A. O. Nier^®^ 
for the concentration of C^^H 4 . A Nichrome wire is inserted along the 
axis of a steel tube ^ in. in outside diameter, which is concentric with 
a steel tube in. in outside diameter having a wall thickness of 
0.035 in. This tube constitutes the inner wall of the annular space 
containing the gas, and the outer wall consists of a 2 -in. outside diameter 
brass tube, which is water cooled as shown in the figure. The column 
was 24 ft in length. At the lower end, the two steel tubes were brazed 
concentrically to a circular steel plate. The average temperature of the 
outer wall was 27° C, and that of the inner approximately 375° C. The 
samples of methane taken at the bottom and top were analyzed by means 


Fig. 9. Cross-sectional view of column 
used for thermal diffusion experiments by 
Nier. The column is used as a return 
lead for the current flowing through the 
Nichrome wire. 


104 Phys. Rev., 66, 590 (1939). 
lOfi Phys. Rev., 67, 30 (1940). 
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of a mass spectrometer for the ratio of C^^H 4 to C^^H 4 . At a pressure 
of 656 mm, and after operating for 23.5 hours, the values of this ratio 
at the bottom and top were 0.0215 and 0.0054 respectively, so that the 
ratio of C^^H 4 at the bottom to that at the top was 3.99. 

The results obtained were found to be in agreement with conclusions 
deduced from theoretical considerations by W. Furry, R. Jones, and 
L. Onsager.^^® They derived the relation 



( 7 ) 


where 


1 + hlv^' 


( 8 ) 


Ci^ and represent equilibrium concentrations of C^®H 4 in the 
lower and upper ends of the column, respectively, a and b are constants 
for the gas used and the dimensions of the column, and p denotes the 
pressure. Thus e® corresponds to the separation factor. In the inves- 
tigation under consideration, this factor was observed to pass through a 
maximum at p = 0.6 atmosphere, approximately. 

The separation of C*®H 4 and C*^H 4 has also been investigated, in a 
column 40 ft in length, by T. I. Taylor and G. Glockler,^®^ who found 
that the separation factor could be represented, in agreement with the 
theory, by the above equations. 

The rate at which equilibrium is approached in such a column has 
been discussed by J. Bardeen,^®® and the conclusions reached have been 
found to be in good agreement with experimental results obtained by 
Nier. 

Although the above discussion has dealt largely with the separation 
of gases which differ in value of M, it follows from the theory of thermal 
diffusion that it should be possible by this method to effect a certain 
degree of separation in a mixture of gases which have the same value 
of M but differ with respect to the magnitude of the molecular diameter. 
Results in agreement with this prediction have been obtained by 
F. T. WaU and C. E. Holley, 

‘®» Phys. Rev., 68, 1083 (1939). 

J. Ckem. Phys., 6, 843 (1940). 

‘®» Phys. Rev., 67, 35 (1940). 

»®» J. Chm. Phys., 8, 949 (1940). 
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14. THEORY OF DIFFUSION OF GASES^^^ 

As in the case of viscosity and heat conduction, approximate kinetic 
theory considerations lead to the conclusion that the coefficient of self- 
diffusioHj Z>, is given by a relation of the form 

D = ^VaL, (1) 

which indicates that, at constant temperature, D varies directly as the 
mean free path or inversely as the pressure. 

Combining equation 1 with the relation 

V = 


it follows that 


P 

Introducing the correction for persistence of velocities and that for 
Maxwellian distribution of velocities, it is found that the more accurate 
relation is 


D = 1.342-- (2) 

P 

According to Chapman and Enskog,^^^ the coefficient in equation 2 
should have a value lying between 1.200 for hard spheres and 1.543 for 
inverse-fifth-power repulsion. Actually observed values of D yield the 
following values of the coefficient 

CO, 1.30; H 2 , 1.37; O 2 , 1.40; CO 2 , 1.58. 

For the derivation of a relation for the coefficient of interdiffusion, D 12 
(corresponding to the fact that molecules 1 and 2 are involved), we 
shall follow the Stefan-Maxwell derivation, which, as will be evident, 
is based on the same considerations as those used in deriving equation 1 
above. 

The relation for the mean free path, Li, in a mixture of two gases, 

In addition to the treatises on kinetic theory of gases previously mentioned, 
there is a very comprehensive treatment of the topic by K. F. Herzfeld and H. M. 
Smallwood in Taylor’s Treatise on Physical Chemistry, 2nd edition, Vol. I, p. 209, 
D. Van Nostrand Company, New York, 1931. 

111 EHK, pp. 195-196. 

112 JHJ, p. 216. 

ii^JHJ, pp. 207-210, 



Sec. 14] THEORY OF DIFFUSION OF GASES 

designated 1 and 2, according to 8.30, is 


75 


^ = \^2 • 7rTli$i^ d * 

Li \ m2 

However, as Stefan and Maxwell have pointed out, the collisions 
between like molecules do not influence diffusion, and hence for this case 
the mean free paths are given by the relations 

— = \/l d (3) 

Li y m2 

and 

+ (4) 


On this basis it is found that the relation for the coefficient of inter- 
diffusion is 


Di2 = 


V Vj^ + V2^ 

, 

371^612"^ 


(5) 


where vi and V 2 refer to the value of Va, and n = ni -1- 712 . 
It is evident that for like molecules this relation becomes 

Z) = - - 

“ 3 V27m52 


( 6 ) 


Combining this with the relation 

_ 0.499pt'o 

the result is 

Z>n = 1.336 ^ (7) 

p 

which is in substantial agreement with equation 2. 

Table 19“'* gives the values of £>12 (cm^ • sec“^) observed for several 
pairs of gases, at 0° C and 1 atmosphere, also values of 5i2 calculated 
from the values of £>12 by means of equation 5, and, for comparison, 
values of 5i2 calculated from viscosity measurements (see Table 6) for 
each of the two gases. 

In the case of the first six pairs which are constituted of “hard” 
molecules (with a value for the repulsive force constant greater than 7.4) 
the agreement is very satisfactory. Even in the case of “softer” 

pp. 217-218. 
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TABLE 19 

Coefficients of Intebdiffusion and Average Molecular Diameters 




10 ® 5 i 2 calc. 

10^612 calc. 

Gases 

Di 2 (obs.) 

from Di 2 

from Tj 

H 2 -air 

0.661 

3.23 

3.23 

H 2 -O 2 

.679 

3.18 

3.17 

02 -air 

.1775 

3.69 

3.68 

O 2 -N 2 

.174 

3.74 

3.70 

CO-H 2 

.642 

3.28 

3.25 

CO.O 2 

.183 

3.65 

3.70 

CO 2 -H 2 

0.538 

3.56 

3.69 

C 02 -air 

.138 

4.03 

4.20 

CO 2 -CO 

.136 

4.09 

4.22 

N 2 O-H 2 

.535 

3.57 

3.69 

N 2 O-CO 2 

.0983 

4.53 

4.66 


molecules the agreement is fair, as shown by the values for the second 
set of five pairs. 

W. E. Summerhays^^^ has used the katharometer (see section 9) to 
measure the diffusion coefficient of water vapor in air. The value 
observed was D = 0.282 cm^ • sec~^ at 16.1° C. 

As will be noted, equation 5 indicates that the interdiffusion coefficient 
should be independent of composition. However, a series of experi- 
ments carried out at Halle^^^ to test this conclusion show that there is 
a variation of not over a few per cent with variation in the ratio 711 / 712 * 

Mention should be made in this connection of a relation for the 
coefficient of interdiffusion, given by Loeb,^^^ which is of the form 


Di2 = P 



V2 

P2 




( 8 ) 


in which is a numerical factor, the value of which is between 1.00 and 
1.50, and n = ni + 712 . 

From the equations for D it follows that to a first approximation D 
should vary as and as Since, however, r) varies with T in 

accordance with Sutherland's relation, equation 8.16, it is to be expected 
that the exponent of T would exceed Lonius^^^ gives the following 

Proc, Phys. Soc. London, 42, 218 (1930). 

The results are summarized by A. Lonius, Ann, Physik, 29, 664 (1909). See 
also JHJ, p. 213; LBL, pp. 273-274; and EHK, p. 197. 

LBL, p. 272. 

11 ® Loc. cit. 
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relation for Z> as a function of T: 






where Dt = value at T° K and Pmm- 


D = value at 15® C and 760 mm. 


(9) 


The values of x used by Lonius are as follows: 


H 2-02 

1.754 

N 2-02 

1.796 

H 2 -C 02 

1.74 

H 2 -N 2 

1.707 

He-A 

1.76 


ADDED NOTE 6. MAXWELL-LOSCHMIDT METHOD FOR 
DETERMINATION OF DIFFUSION COEFFICIENTS 

In view of the fact that in vacuum technique the problem arises 
occasionally regarding the time required for gases to mix, it is of interest 
to review briefly one method which has been used for the determination 
of D for gases. 

A tube of length I is divided by means of a wide-bore stopcock into 
two parts of equal length. This is mounted in a vertical position ; the 
heavier gas (A) is put in the lower part, and the lighter gas (B) is put in 
the nyper part. At time ^ = 0 the stopcock is opened and diffusion is 
allowed to occur for a definite period, t. The stopcock is then closed 
and the proportions of A and B are measured in each compartment. 

Let V = amount of A expressed as the fraction of the total number 
of moles in the lower compartment, 

Q = amount of A in upper compartment, expressed similarly. 
Then, on the basis of the equations for diffusion, 

C7 - Q = + . . .|, (10) 

whete 

( 11 ) 

For iostance, in the case of H2-02 mixture, for I = 99.93 cm and 
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t = 1800 sec, U = 0.5982, Q = 0.4018, at 14.8° C and 749.3 mm. 
Hence, at 15° C and 760 mm, D = 0.788.“® 

Table 20 gives values of 17 — Q for two different values of 1 as a 
function of Dt, also values of t, for I = 100 cm, assuming D - 0.2 cm® • 
sec~*. ' 

TABLE 20 


Illustrating the Application of Equation 10 



1 = 100 cm 

Z = 25 cm 

t in minutes 

Dt 

U -Q 

U - Q 

for D - 0.2 

100 

0.9550 

0.2063 

8.33 

200 

.8401 

.0425 

16.67 

300 

.7514 

.0088 

25.00 

400 

.6771 


33.34 

500 

.6118 


41.67 

700 

.5014 


58.67 

1000 

.3728 


83.83 

1500 

.2276 


125.00 

2000 

.1390 


166.67 

3000 

.0518 


250.00 

5000 

.0071 


416.67 


For 1 = 100, only the first term in the series on the right-hand side of 
equation 10 is of importance for values of Dt > 500. For I - 25, only 
the first term is of importance for Dt ^ 100. 

Equation 11 shows that for values of Z and Dt for which the first term 
only is sufficiently accurate t varies aS Z® for constant value of (C7 — Q). 


ADDED NOTE 6. EFFECT OF PRESSURE OF GAS ON RATES OF 
EVAPORATION OF METALS 

In section 6, equations were derived for rates of evaporation in a 
vacuum. These equations have been applied, as illustrated in the above 
connection, to the calculation of vapor pressures of high-melting-point 
metals from observations on rate of loss in weight as a function of the 
temperature. However, in the presence of a gas which does not react 
chemically with the metal, the observed rate of evaporation is lower; 
as is well known, this fact was utilized by Langmuir in the invention and 
development of the gas-filled tungsten-filament lamp. 

This phenomenon has been explained by Langmuir by naHiiTnm g the 

*** The values of k, the diffusion constant, given by Lonius are expressed in terms 
of (meters) ’/hour. Therefore these should be multiplied by 1/0.36 - 2.78 to con- 
vert them to cm’/sec- 



Sec. 14] 


THEORY OF DIFFUSION OF GASES 


79 


existence of a film adjacent to the evaporating surface through which 
the atoms evaporated from the surface diffuse. Thus this theory is 
quite similar to that suggested by Langmuir, and discussed in section 1 1 
above, for the effect of varying the diameter on heat conduction from a 
wire. 

G. R. Fonda^^^ has shown that this theory accounts very satisfactorily 
for his observations on the rate of evaporation of tungsten in the presence 
of argon at various pressures, and the following remarks on the mech- 
anism of evaporation under these conditions are quoted from his paper. 

The filament is considered to be surrounded by tungsten vapor at the same 
pressure as would be present in a vacuum. The atoms of this vapor, however, 
instead of being projected directly from the filament, as in a vacuum, are pictured 
as diffusing through the stationary film of gas. Once an atom reaches the outer 
boundary of the film, it would be carried away in the convection current of gas and 
would be lost to the filament; but the path within the film is so irregular that an 
atom may in fact return to the filament and be deposited on it, thus leading to a 
reduced evaporation as compared with that in a vacuum. 

Let del dr denote the concentration gradient at the surface of the wire, 
where r is the distance from the axis, and let D denote the diffusion con- 
stant. Assuming uniform distribution over the surface of the wire, the 
rate of diffusion 'per unit length of the wire is 

q = 2TrD^f ( 12 ) 


where D is given by equation 5. 

Since the value of n for tungsten atoms is negligible compared with that 
of n for argon gas, the expression for D becomes identical with equation 
1, where L and Va refer to the values of the mean free path and average 
velocity respectively of the tungsten atoms at the temperature of the 
filament. Thus D varies inversely as the pressure, P, of argon, and 
equation 12 becomes 




Ar dc 
T dr’ 


(13) 


where .4 is a proportionality constant. 

For a wire of diameter 2a and gas film of diameter 2b, it follows, from 
the same considerations as those that lead to equation 11.4 for the heat 
loss, that 



“®PAy«. Rev., 81, 260 (1928). 
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Let m denote the rate of evaporation in gm • cm ^ • sec 
follows from the last two equations that 

b r 

maP log - = I dc = Ca — Cb = constant, (15) 

CL U ^ 

where Ca and Cb are the concentrations of the tungsten atoms at r = a 
and r = by respectively. 

Table 21 shows results obtained by Fonda for the rate of evaporation 
from a filament in a mixture of argon and nitrogen such as used in gas- 
filled lamps. 


TABLE 21 

Rate of Evaporation (m) of Tungsten in 86 Per Cent Argon, 14 Per Cent 
Nitrogen at 2870° K. Diameter of Filament (2a) = 0.00978 cm 


P cm 

lO^m 

h (cm) 

lO^maPcrn log (b/a) 

lO^m/h 

0 

230 

— 

— 

— 

1 

57.5 

9.68 

3.9 

— 

5 

23.5 

2.42 

6.3 

— 

10 

20.5 

1.31 

9.8 

15.6 

26 

10.3 

0.63 

10.4 

16.2 

50 

5.4 

0.36 

9.6 

14.8 

70 

4.2 

0.28 

9.6 

14.8 

166 

2.0 

0.16 

8.8 

13.5 


The value m = 230 • 10“® g • cm~^ • sec~^ observed for P = 0 is in 
agreement with the value 250 • 10“® observed by Langmuir, Jones, and 
Mackay.^^^ 

As Fonda states, 

the expression maPcm log (b/a) is sufficiently constant at pressures above 10 cm to 
allow of credence being given the hypothesis developed above. 

The constancy of the expression has a further significance, for, as is evident from 
its derivation, it denotes a constant difference between the vapor pressure of tungsten 
at the surface of the filament and at the surface of the film of gas. For constant 
filament temperature this implies that the concentration of tungsten vapor at the 
surface of the stationary film of gas should be constant for all pressures above 10 cm. 
It is this vapor which constitutes that which effectively evaporates from the filament, 
for the rising convection currents of gas carry it off to be deposited on the bulb. The 
rate of evaporation at different pressures should be determined therefore by the area 
of the assumed film of gas if the concentration of vapor at its border is in fact a 
' constant. 

The constancy of the ratio m/b is therefore a further confirmation of the 
validity of the theory. Other evidence, based on the appearance of the 


Phy$. Rev., 80, 211 (1927). 
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surface of the filament, has also been shown by Fonda to be in agreement 
with the views expressed above. 

From equation 15 it also follows that at constant pressure and for 
filaments of different diameters the expression ma log (6/a) should be 
constant. The validity of this conclusion was confirmed by Fonda in a 
series of observations made with both pure nitrogen and a mixture of 
nitrogen and argon. In these cases the value actually used for B 
(the thickness of the film for a plane surface in gas at atmospheric 
pressure) was the same as that obtained from data on heat conduction 
in nitrogen. (See section 11.) 


16. RANDOM MOTIONS AND FLUCTUATIONS^^s 


Let us consider the case in which a group of N molecules start from 
the plane 2 = 0, at the instant t = 0, and diffuse through the gas. The 
differential equation for the diffusion is 


dn d^n 

Jt ^ 


( 1 ) 


At any instant, the distribution of these molecules along the z axis 
is given by the relation 

dn = — (2) 
2VxDt 


which satisfies the condition 


N = 



2VDt 


Hence, the average value of z is 



And similarly it can be shown that the root-mean-square value is given 
by the relation 

2r “ • *o = V^. (4) 

Pkys. Rev., 21, 343 (1923). 

See EHK, Chapter VII; JHJ, pp. 218-224. 
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That is, the total net displacement in any given direction varies as VF. 
These equations are of special importance in the determination of 
diffusion coefficients from observations on the Brownian motion of 
small particles. , 

We can also express equations 3 and 4 in terms of the mean free path, 
L, on the basis of the relation 

D = \Lva^ (14.1) 

Substituting in the above equations, we obtain the relations 


jiLVat 



at 


The collision frequency per molecule is 




while the total length of path actually traversed by a molecule in time t is 

; = = (7) 


Hence 


a- 


I = 2.356 


- 1-5 ^"2- 


That is, the total length of path varies as the square of the net displace- 
ment from the point of origin at i = 0. 

As an illustration of the above equations let us consider the case 
of molecules in air at 25° C and atmospheric pressure. Since L — 
6.69 • 10“® and Va = 4.67 • 10*, it follows from equation 14.1 that 
D = 0.104 cm^ • sec“S and for < = 60 sec, a, = 3.53 cm, while I = 
6.98 • 10®< = 4.19 • 10” cm. 

That I = 1.19 • 10“2, is obviously due to the fact that after each 
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collision the probability of a displacement towards lower (or more 
negative) values of z is just as great as that of a displacement towards 
more positive values of z. 

The equations for random motion have been applied to determine the 
value of the Avogadro constant from observations on rates of diffusion 
of Brownian particles. It may be demonstrated tliat the rate of diffu- 
sion of spherical particles is given by the relation 


2) ^ M. JL, 

N A 


where a = radius of particle, and ri = viscosity of medium. 
Also, the mean square of the displacement per second 

?! _ ^ 0 ^ 1 

t Na 


( 12 ) 


Values of Na obtained by application of these relations, though not 
nearly as accurate as those obtained from determinations of the unit 
electric charge (method used by Millikan), are in good agreement 
with them. 



CHAPTER 2 


FLOW OF GASES THROUGH TUB^S AND ORIFICES 


1. VISCOUS FLOW OF GASES 


At normal pressures the rate of flow of gases through cylindrical 
capillaries is governed by the Poiseuille law. The rate at which gas 
flows through a tube of length I (in centimeters) and radius a (in centi’~ 
meters) y expressed in terms of moles per second y is given by the relation^ 


Um = 




IGiyr I 


( 1 ) 


where tjt = coefficient of viscosity of the gas at temperature T of the 
capillary, P 2 and Pi denote the pressures (in microbars) at the two ends 
of the tube, and Tm is the temperature at which um is measured. If Vm 
is the rate of flow in cm^ • sec”^ at the pressure Pm, 

nuRoT = PmVm 

In general, the rate of flow is measured at the same temperature as the 
gas in the capillary, and equation 1 then assumes the form 


Qbi = 10 ^ — -y Pnba,(Pnb2 — Publ) 


3.926 • 10“^ 


I 


Rnba(P nb2 P iib\) j 


(2a) 


(26) 


where Qu = microbar • liters per sec, at the temperature of capillary, 
and P^6o = average pressure (in microbars) = \(Pnbi + Pnb 2 )- 
Since 1 micron • liter = 1.333 microbar • liter, 

= number of micron • liters per second 


= 1.333-10-3^ jP,„(P,2-P„) 


5.236 • 10“^ a* 


Plia{Pn2 Piil)) 


(3a) 


V I 

where P^ = pressure in microns. 

^ K.F. Herzfeld and H. M. Smallwood, Taylor's Treatise on Physical Chemistry, 
Vol. 1, p. 175, 2nd edition, D. Van Nostrand Company, New York, 1931. 
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In terms of di = diameter in inches and U = length in inches^ the last 
equation becomes 

^ - P.i). (36) 

t\ Li 

Let B denote any other unit of pressure, and let / denote the number 
of microbars per unit of pressure. Then 

Qbi = number of liters at 1 unit of pressure^ per second, 

= 10-V“ jB<.(P 2 -Pi) (4) 

where Ba ^ {Bi + B 2 ). 

Table 1 gives values of/ and of 7r//8 for some of the more common units 
of pressure. The last column gives the corresponding values of tt// ( 8 t?) 
for air at 25° C (77 = 1.845 • 10”'^ poise). 

TABLE 1 

CoNVEBSioN Factors for Rate of Viscous Flow in Terms of Different 

Units of Pressure 

Unit of tt// (87;) for 

Pressure / 7r//8 Air at 25° C 

1 microbar 1 0.3926 2. 128 10^ 

1 micron 1.333 0 . 5236 2.838- 10® 

1 mm 1333 5.236- 10^ 2.838- 10® 

1 atm 1 . 0133 - 10® 3 . 978 - 10® 2 . 156 - 10® 

1 kg • cm-2 9.807- 10® 3.850- 10® 2.086- 10® 

1 lb • in.~2 6.895- 10^ 2.708- 10^ 1.467- 10® 

For instance, for air at 25° C, 

QPtnmi “ number of mm • liter per sec 

= 2.838 • 10^ -y- Pmml)} {i) 

Also, for air at 25^ C, 
di^ 

Q^i = 2.907 Pixa(Pn 2 — Pfii) micron • liters • sec““^, (ii) 

li 

where = pressure in microns. 

The following conversion factors are useful in calculating rates of flow 
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for any given temperature: 

1 atm • cm^ • sec*"^ = 760 micron * liter • sec"”^. 

I micron • liter • sec”*^ = 1.316 • 10""^ atm • cm^ • sec~^ 

\ 

= 0.03532 micron • cu ft • sec~^ 

= 2.119 micron • cu ft • min'”^ 

1 micron • cu ft • min“^ = 0.4719 micron • liter • sec""^ 

As an illustration of the application of equation 4, we shall calculate 
the rates of flow of air at 25° C, and for B 2 = 1 atm, Bi = 0, through 
two capillaries: 

(1) I = 100, a = 5.52 • 10*"^ (diam. = 4.53 mil). 

(2) Z = 100, a = 3.106 • 10“^ (diam. = 2.45 mil). 

In the first case, Qbi = 1 • 10“^ atm • liter per sec; in the second, 
Qbi = 1 • 10“® atm • liter per sec. 

For the pressure (B) expressed in terms of 'pounds per square inch, 
li == length in inches, and dm = diameter in mils, 

Q = rate for air at 25° C, in at'm • c'ln^ per min 
d 

= 6.135 • 10“^ -f- BaiB2 - Bi). 

H 

It is convenient, especially from the point of view of the subsequent 
discussion, to express equation 4 in the form 



Then this quantity corresponds to the rate of flow per unit difference 
of pressure, expressed in cm^ per sec measured at that unit of pressure in 
which Ba is expressed. 

Equation 5 shows that, for a given length and radius of tube, F varies 
linearly with the average pressure and inversely as the coefficient of 
viscosity. 

In terms of microbars and cm^, it follows from equation 2 that 



Substituting for rj from the relation 

vj = 0,5pVaL, 
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we obtain the relation 


TT A a Va 
8 l/a La 4 * 


(7) 


where La is the mean free path at the average pressure P^ba, and A = ira^. 
For any given gas, at constant temperature, L = cP^bj where c is a 
constant the value of which may be determined from Table 1.6. Hence, 
equation 7 can also be written in the form 

p = !! A ^ /ON 

Sl/a c 4 ^ 

= 4.487 • 10® y cm® • sec“S (9) 


where c = mean free path at 1 microbar and T° K. 

The number of molecules per second is given by 

vp = F(n2 — ni) 

jr A aP^ba , . 

where v = \nva = number of paolecules incident on unit area per unit 
of time at pressure P^^b and rl = number of molecules per cubic centi- 
meter at pressure 

Equation 6 shows, as stated above, that F decreases with decrease 
in P^6o- However, as the pressure is lowered a new effect becomes of 
importance — that of slip along the walls, which was discussed at the end 
of section 8, Chapter 1. Under these conditions the Poiseuille law, as 
expressed in equation 2, must be modified to take into account the fact 
that the velocity of flow at the walls can no longer be assumed to be 
zero. The corrected equation has the form 

Qb> = ^J - P^bi) (l + f ) ’ (11) 

where f is the coefficient of slip given by equation 1.8.36 ; that is 

t = 0La, ( 12 ) 

where jS is a numerical constant of the order unity, and La is the mean 
free path corresponding to Pp6o- 
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Consequently equation 2 assumes the form 



8r, I I 


(13) 

(14) 


At very low pressures, the first term on the right-hand side of the last 
equation becomes negligible compared with the second term, which is 
independent of the pressure. The equation then becomes 


PlVa I 
TTO? Va TTjS 

l/a 4 2 


(15) 


According to Knudsen (as discussed in the following section), the value 
of F at low pressures is given by the relation 

8 Tra^ Va 


F = 0.81*- ^ 

3 l/a 4 


(16) 


Comparing the last two relations, it follows that /? = 1.375. 

However, as has also been shown by Knudsen, the laws of flow of 
gases at intermediate pressures, that is in the range of pressures in which 
slip becomes of importance, may be determined without the necessity 
of introducing either the concept of slip or the coefficient p. This topic 
will be discussed in section 3. 

Before concluding this section it is essential to observe that the 
quantity designated in the above equations by F evidently corresponds 
to the quantity which in the conduction of electricity is known as 
conductance. That is, the pressure is analogous to electrical potential, 
and Q, to the current. In consequence of this l/F may be treated as a 
resistance, and, if there are two or more tubes in series of different dimen- 
sions, the total resistance is obtained by adding the values of \/F for 
each tube, as in dealing with electrical resistances. The practical 
utility of this concept will be emphasized more fully in the following 
section. 


ADDED NOTE 1. TURBULENT FLOW 

The Poiseuille law is applicable only for viscous laminar flow. When 
the velocity of the gas through a cylindrical tube exceeds a certain 
critical value, Wc, turbulence sets in and the pressure difference between 
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the two ends exceeds that calculated from equation 2. As first shown 
by Reynolds, the value of Uc is determined by the relation 



(i) 


where Re is a dimensionless number, known as the ^^Reynolds number, 
which has the approximate numerical value 1000. 

Thus, for air at 25° C and 1 atm pressure, ry = 1.845 • 10“*^ and 
p = 1.185 • 10""^ g • cm”"^. Hence turbulent flow will occur when the 
critical velocity 



Uc 


155.7 , 

cm • sec , 



a 

But 







Qac -_i 


Uc 


— ^ cm • sec , 





where 





Qac 

= 

atm • cm^ • sec"^ 


= 1.078-10^ jiBz^ - Bi% 


(n) 

(m) 

(iv) 


and B 2 and Bi denote the pressures in atmospheres at the two ends of 
the capillary. (This relation is derived from the value for Trf/{8ri) 
given in the last column of Table 1.) 

Consequently, at the critical velocity, the following relations must 
apply: 

1. Qac ^ 490a. (v) 

2. Assuming Bi = 0, 

fia* ^ 4.544- 10-^^* (w) 

In vacuum technique, B 2 = I atm, and therefore the last relation 
becomes 

-4 < 2.2 • 10 ®. 

a 

That is, turbulent flow will occur at the initial stage of exhaust, 
if, for instance, a = KT* cm and I ^ 2.2 cm, or. a = 10”^ cm and I ^ 
2200 cm. Since such capillaries are not very likely to be used in evacua- 
tion it is evident that the flow will usually be turbulent until the pressure 
is much less than 1 atm. 
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Relation v indicates that, for a = 1, turbulent flow will occur for 
Qac ^ 490 atm • cm^ sec*”^, that is, 3.724 • 10® micron » liters • sec^^ 

In an investigation on the flow of air in glass and metal capillaries, 
W. Ruckes^ confirmed the validity of relation i with values for Re of 1000 
for glass and 400 to 500 for metal. In th^se experiments, in which 
capillaries were used ranging in values of a from 6.15 • 10“"® cm to 0.19 
cm, in values of I from 16.3 cm to 1530 cm, and in values of B 2 from 
15 atm to less than 1 atm, the observed rates of flow, for values of 
u < Uc, were found to be in good agreement with those deduced from the 
Poiseuille law, that is, equation iv, 

2. “FREE-MOLECULE»» FLOW 

At ordinary pressures the rate of flow of gases through a tube is 
limited by the frequency of collisions between molecules. Hence arises 
the necessity for introducing the coefficient of viscosity, as in the 
Poiseuille law. At very low pressures, however, where L is much 
greater than a, the rate of flow is limited, not by collisions between 
molecules, but by collisions of molecules against the walls. For pointing 
out the manner of attacking the problem of flow at these low pressures, 
we are indebted to the investigations of M, von Smoluchowski, M. 
Knudsen, W. Gaede, and P. Clausing. 

The term ^‘molecular flow’^ was suggested bj^ Knudsen® to designate 
the flow of gases at pressures for which L is of the same order of mag- 
nitude as or greater than a. Under'these conditions a molecule striking 
the inner surface of the tube at any point is repelled and suffers no colli- 
sion until it strikes the walls at some other point. Knudsen assumes 
that any surface, no matter how smooth it may appear macroscopically, 
is in reality covered with projections that are of atomic or molecular 
dimensions and irregularly distributed over the surface. Consequently, 

a gas molecule, on striking the surface, is repelled in a direction which is totally 
independent of the direction of incidence, and the distribution of directions of an 
infinitely large number of molecules after reflection from a surface follows Lambert’s 
cosine law for the reflection of light from a glowing body. 

Introducing MaxwelFs distribution law, Knudsen deduced the 
following relations: 

® Ann. Phyaikf 25, 683 (1908). For a comprehensive discussion of the conditions 
of turbulent flow and for experimental determinations of the Reynolds number see 
also Heat Transmission by W. H. McAdams, Chapter V, McGraw-Hill Book Com- 
pany, New York, 2nd ed., 1942. 

® Ann. Physik, 28, 76, 999 (1909), and subsequent papers. 
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Let P^hi and P ^62 denote the pressures in microbars at the two ends 
of a tube. Then the quantity of gas flowing through the tube, in 
microbar • cm^ • sec""^, is 




P tib2 P iihX 



( 1 ) 


where pi = M/R^T = density at 1 microbar, and PT is a factor the 
value of which depends upon the shape and dimensions of the tube. 
Thus W V Pi corresponds to a ^^resistance.'^ 


Since ■ — — 

v27rpi 


Va 

4 


where Va = average molecular velocity 


= 14,551 V T/M cm • sec \ 


it follows that we can express equation 1 in the form 

F = Q ^ V'27r ^ 

“ Pm 62 ~ Pm 61 W 4' 


( 2 ) 


where, evidently, F corresponds to a ^^conductance^^ and designates 
units of volume per unit of time. 

For an opening of area ^ in a very thin plate, the value of W is given by 


Tro = 


V2v 

A 


( 3 ) 


Hence the conductance of an opening of area A is given by 



( 4 ) 


For a long^ tube of length I and varying cross section A and perimeter 
Hj the fundamental relation deduced by Knudsen is 


Ft = 



( 5 ) 


It follows that the values of Po and Ft are independent of the unit of 
pressure used and depend only on the units in which Va and the geo- 
metrical dimensions (A, Hy and 1) are expressed. 

^ That is, one for which the conductance of the tube is small compared with that 
of the ends. This is discussed in more detail in subsequent remarks. 



92 FLOW OF GASES THROUGH TUBES AND ORIFICES [Chap. 2 


Thus for A expressed in cm^ and Va in cm • sec“^, F denotes cm® • 
sec*”^. If the pressure is expressed in microns, then Q designates 
micron • cm® • sec^^. 

It will be observed that Fq corresponds to the volume incident on the 
area per unit time, while Ft corresponds to the volume flowing 
through the tube or duct per unit time. 

From equation 4 it follows that, for a circular opening of radius a 
(cm) and area A = (cm^), 


Fo = 36384 



cm® • sec ^ 


(6o) 


= ll,428a2 



cm® • sec 


( 66 ) 


From equation 5 we derive the following relation for a long tube of 
uniform cross section: 


Ft = 19,400 • sec ^ (7) 


Hence, for a cylindrical tube of radius a (cm), length I (cm), for which 
l/a is greater than about 100, 


Ft = 30,480 


I 



cm® - sec ^ 


( 8 ) 


For a duct of uniform rectangular cross section (lengths of sides a and 6, 
in cm), 

r. 2 a%^ 

^ 2^2 Ilf!' 

( 9 ») 

For the case a = b {& duct of square cross section), 

c? [¥ 

Ft = 4850 y yj— cm® • sec~^. (95) 

In the case of an ellipse, A — rab, and H = 2irV (o® + 6®)/2 approxi- 
mately, where a and b designate the lengths of the two semi-axes. 
Hence, for uniform elliptical cross section, 

where a, 6, and I are expressed in centimeters. 
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Another interesting application of equation 5 is that of calculating 
the conductance of a long tapered round tube for which the radius is ao 
at one end and ai(=aQ + bl) at the other end. The result of the 
integration is 


Ft = 


2 irap^ai^ ^ 

3 aif2l 


= 30,480 


aii2l 



cm® • sec 


( 11 ) 


where aii 2 is the value of the radius halfway along the tube. It is 
evident that, for a — ap = aii 2 = the last equation becomes identical 
with equation 8. 

For air at 25° C, \/T/M = 3.207. 

It should be emphasized that the relation for the conductance of an 
orifice is strictly applicable, as shown by Knudsen,^ only under those 
conditions in which the diameter (or largest dimension of the orifice) is 
one-tenth or less than the mean free path for the gas molecules at the 
pressure of effusion. For practical purposes the relation may be applied 
to pressures which are ten times greater, but it is no longer valid, even 
approximately, if the area of the orifice is so large, or the pressure so 
high, that mass motion of the gas occurs. 

Equations 6 and 8 can also be expressed in the following forms: 

The number of molecules flowing through a tube per second, for a 
difference in pressure Ppt 62 — Py^hi, 


= Ft{n2 — ni) 

( 12 a) 

8 a Va , ^ 

- 3.4 


8 a • 



(125) 


where n = number of molecules per cubic centimeter at pressure 

V = number of molecules striking unit area per second, at 
pressure 
= 2.635 • 

= 3.613 • 1022p„„/\/Mr. 

* Ann, Physiki 28, 75 (1909). See also disciission in EHK, pp. 64r-66, and Chapter 
1, section 6, of this volume. 
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Similarly for the case of an orifice of area A (cm*), 

(vf)o a (v 2 - Vi). 

The mass of gas (in g • sec~^) is given by 

\ 

G' = mpp. 


where g = 


2.635 • 10^® 
6.023 • 10“ 
3.613 • 10“ 
6.023 • 10** 


= 4.375 • 10“® for 
= 5.833 • 10“* for P„„. 


(13) 


Gt = ^Aj-g (P^i - P^bz) for a tube, (14) 


[m 

Go = (^2 — Pi) for an orifice. (15) 


It should be mentioned that, following Knudsen, many of the German 
writers have designated the expression 9 = |- V7r^/2 as “coefficient of 
external viscosity.” Hence 

1 8 l~ 2 

2(9 ~ 3 \2irpi ~ 3*'“' 

Table 2 gives values of Ft, and of Fq, calculated by means of equa- 
tions 8 and 6, respectively, for a few of the more important gases, at 
T = 298 (room temperature). 


TABLE 2* 


Valites of ‘^Conductance” of Cylindrical Tubbs and Openings at 25® C 




FtH/a^) 


Foar^ 



^ liters • sec“^ 

liters • sec”^ 

liters • sec“^ 

Gas ‘ 

M 

= 526.2/\/M 

= 62.81/\/M 

= 197.3/\/M 

H2 

2.016 

370.6 

44.24 

139.0 

He 

4.003 

263.0 

31.39 

98.58 

Air 

28.98 

97.75t 

11.67 

36.66 

A 

39.94 

83.28 

9.94 

31.23 


* It should be emphasized, as pointed out in the subsequent discussion, that the 
relations for Ft are valid, even approximately, only for l/a > 100. Furthermore, all 
the expressions for F are valid only for pressures at which the mean free path ie greater 
than a. 

t A useful approximation, pointed out by J. Yarwood, High Vacuum Technique, 
John Wiley & Sons, 2nd edition, 1946 (designated JY), is Ft « 100(a®/Z) litere • sec““\ 
where a and I are measured in centimeters, as above. 
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In terms of d,-, the diameter, and Z,- the length, expressed in inches, it 
follows that, for air at 26° C, 

Ft = 78.81 (di^/U) liters • sec~^ 

= 167.0 (di^/li) cu ft • min~^, 

and 

Fo = 75.28 liters • sec“* per square inch area 
= 159.5 cu ft • min~^ per square inch area 
= 125.2d,-^ cu ft • min~^. 

That the “conductance” at low pressures is considerably less than that 
at high pressures is evident from the following illustration. 

For the flow of air at 25° C through a tube, for which I = 100 and 
a = 0.5 cm, it follows from equation 1.5 that, at P^ta - 5.067 • 10® 
(0.5 atm). 

Ft = 6.725 • 10® cm® • sec"*. 

As mentioned previously, F decreases linearly with decrease in Pa 
for the condition of viscous flow. On the other hand, at low pressures 
(L large compared to a), Ft is independent of the pressure, and according 
to Table 2 its value is given, in the case under consideration, by the 
relation 

a® 

Ft = 97,750 y = 122.3 cm® • sec'^ 

In the next section we shall consider at further length the relation 
governing the value of F for the transition region between viscous flow 
and molecular flow. 

From the relations given above it follows that at very low pressures 
the ratio of the resistance of a cylindrical tube to that of the opening is 
given by 

Wt 3 I 

^ Wo la' 

For l/a = 50, r = 18.75. That is, the resistance to flow offered by 
the walls is 18.75 times that offered by the open end. This leads to the 
conclusion that, for small values of l/a, the above relations for Wt give 
values of the total resistance to flow which are too low. Reasoning from 
the point of view that the total resistance is given by the relation 

W^Wt-\- Wo 
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or 

F Ft 

the corrected equation (given in the 1922 edition of the writer’s book 
on high-vacuum technique) for the conductance of a tube was assumed 
to be 


\ 

F 


/2.394f 


3.184\ /- 


where d = 2o = diameter of tube, and 

_ M 
“ 83.144 • IQ^t' 


(17a) 


Equation 17a can be expressed in the more convenient form 

F = K'A V = 3638iiC'yl cm^ • Bec-\ 

4 \M 

where 

, ^ ^/l ^ I 

1 + fa/Z l + |i/a ^ ^ 

and A = 

That is, the factor K' may be regarded as representing the ratio 
between the rate at which gas leaves the outlet of the tube and that at which 
gas strikes the inlet. 

Figure 1 represents plots of values of F, calculated, by means of 
equation 17a, for air at 20® C, drawn on log-log scale,® Each curve 
gives F as a function of I (in centimeters) for a constant value of d (in 
centimeters) which is indicated at the bottom of the figure. The linear 
portion of each curve represents the effect of the term l/d^, while the 
curved portion represents the added effect of the term containing 1/d^. 
For other gases the conductance, for constant values of I and d, varies 
inversely as VH, 

As shown by P. Clausing,^ equation 17a or 176 is only approximate. 

® These plots were first drawn by Mr. J. H. Payne for use in his investigations 
on the design of high-speed pumps, and Fig. 1 was published in J. Franklin Inst, 
211, 691 (1931). The same data have also been plotted by Dr. M. N. States of the 
Central Scientific Company in a special chart. 

^ Ann. Phyaik, 12, 961 (1932). 
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Fig. 1. Plots of conductance of cylindrical tubes for air at 20° C 
calculated according to equation (2.17a). 
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From a detailed investigation he deduced the relation 


F = == 3638/i:^ 

4 



cm® • sec 


(18) 



Fia. 2. Plot of Clausing’s factor, as a function of (</a). Scales for 
K and I /a are indicated for each curve. 


where, as shown in Table 3, if is a dimensionless function of l/a, the value 
of which decreases from 1 (for l/a - 0) to 8o/(3Z) for l/a very large. 
Clausing’s values of K are given in the second and fifth columns; the 
values of K' deduced by means of equation 176 are given, for comparison, 
in the third and sixth columns. It will be observed that for low values 
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TABLE 3 


Values of Ciausing's Factok K and the Approximate C!orrbction 
K ' FOB A Series of Values of l/a 


l/a 

K 

X ' 

l/a 

K 

K ' 

0 

1 

1 

3.2 

0.4062 

0.454 

0.1 

0.9524 

0.965 

3.4 

.3931 

.439 

0.2 

.9092 

.931 

3.6 

.3809 

.426 

0.3 

.8699 

.899 

3.8 

.3695 

.412 

0.4 

.8341 

.870 

4.0 

.3589 

.400 

0.6 

.8013 

.842 

5 

.3146 

.348 

0.6 

.7711 

,816 

6 

.2807 

.307 

0.7 

.7434 

.792 

7 

. 2537 * 

.276 

0.8 

.7177 

,769 

8 

.2316 

.250 

0.9 

.6940 

.747 

9 

.2131 

.229 

1.0 

.6720 

.727 

10 

.1973 

.210 

1.1 

.6514 

.708 

12 

.1719 

.182 

1.2 

.6320 

.690 

14 

.1523 

.160 

1.3 

.6139 

.672 

16 

.1367 

.143 

1.4 

.5970 

.656 

18 

.1240 

.129 

1.5 

.5810 

.640 

20 

.1135 

.117 

1.6 

.5659 

.625 

30 

.0797 

.0817 

1.7 

.5518 

.611 

40 

.0613 

.0625 

1.8 

.5384 

.597 

60 

.0499 

.0506 

1.9 

.5256 

.584 

60 

.0420 

.0425 

2.0 

.6136 

.672 

70 

.0363 

.0367 

2.2 

.4914 

.548 

80 

.0319 

.0322 

2.4 

.4711 

.626 

90 

.0285 

.0288 

2.6 

.4527 

.606 

100 

.0258 

.0260 

2.8 

.4359 

.488 

1000 

.002658 

.002660 

3.0 

.4205 

.470 


8a / ( 3Z ) 

8a/ (30 


of l/a the difference amounts to as much as 12 per cent. For l/a veiy 
large, K' tends to become equal to K. A series of plots of K versus l/a 
are shown in Fig. 2. The scale for l/a is indicated underneath each 
curve. 

E. H. Kennard* has shown that values of K in good agreement with 
those deduced by Clausing are given by the following empirical relations : 

For 0 ^ f/a ^ 1.50, 


for l/a > 1.50, 


1 + O.K/o ’ 


K 


1 + OAl/a 


1 + 0.95f/o + 0.15(f/a)= 


(19o) 

(196) 


*EHK,pp. 306-308. 
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It is important to realize that for relatively short tubes serious errors 
may be made if the value of F is calculated by means of equation 8. 
This is evident from an inspection of the data given in Table 4. 

Let Fi = value calculated by means of equation 8 and F 2 = KFx^ = 
K • Avaf4:j and let " 

Fi 8 a 

Then the value of r denotes the ratio between the value of F deduced 
for the condition l/a very large and the correct value deduced by means 
of Clausing^s correction factor K. It will be observed from the last 
column in Table 4 that, for low values of l/a, r is much greater than 1 
and approaches unity as a limiting value only for l/a > 100 approxi- 
mately. 


TABLE 4 

Illustrating the Effect of Neglecting ^'End Correction'^ in 
Calculating Conductance of Cylindrical Tubes 


l/a 

K 

r 

0.5 

0.8013 

6.656 

1.0 

.6720 

3.968 

2.0 

.5136 

2.597 

3.0 

.4205 

2.114 

4.0 

.3589 

1.857 

5.0 

.3146 

1.695 

7.0 

.2537 

1.502 

10.0 

.1973 

1.352 

20.0 

. 1135 

1.175 

30.0 

.0797 

1.115 

40.0 

.0613 

1.087 

50.0 

.0499 

1.069 

100 

.0258 

1.034 

1000 

.00266 

1.0035 


From this discussion we are thus led to the following relations for the 
calculation of F for an orifice or cylindrical tube, in the range of very 
low pressures: 

1. For an orifice: 

F = Fo = ^ 

4 


= 3.638.4 



liter • sec ^ 


= lL428a2 



liter • sec 
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2. For a tube: 


F = Ft = 


KAVg 

4 


KF^, 


where K is Clausing’s factor, given as a function of l/a in Table 3 or 
Fig. 2. 

3. For a very short tube (f/a ^ 1.5): 


K = 


1 + 0.6 l/a 

4. For l/a very large (l/a approximately > 100): 


K - ■ 


= 30.48 


StT O® Va 

^‘-y-TT 

T 

— liter • sec ^ 
M 


5. For l/a > 1,5, a convenient approximation (maximum error about 
12 per cent) is given by the relation 

P _ Tra^ - Va/4: _ Fq 

^ ~ 4 1 + f Z/a “ 1 + f Z/a 

_ (Stt/S) > (aVZ) > {vg/^) 

1 + f a/Z 

This is the relation used in deriving the plots shown in Fig. 1. 
Formulas for Fq and Ft for different gases at 25° C are given in 
Table 2. 

Clausing® has also deduced values of K for tubes with rectangular 
section j a^b, and a'^l (as in slits for molecular ray experiments). 


F = 3Q38Kab 



cm^ • sec 


( 20 ) 


= 3.668 X 10^ Kab cm® • sec 

for air at 25° C, where a and b are expressed in centimeters. 

Table 5 gives a selection of values of K.^ 

For a short tube of any form of uniform cross section, an approximate 
result may be obtained, as in the case of a cylindrical tube,^® by means 

^ Loc, dU; see also L£L, p. 306, and L Estermann, Rev, Modem Phys,, 18, 301, 
1946, Table I, for more detailed data. 

See equations 17a and 17l>. 
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of the relation 

± = 1 + 1 
T? f E’ ‘ 1? ^ 

Ft Ft F{^ 

where Ft is the conductance deduced for a. very long tube, Fq denotes 
the conductance of one end, and Ft is the conductance corrected for 
“end effects.” 


TABLE 5 

Values of Clausinq’b Factor for Tubes of Rectangular Cross Section 


l/h 

K 

lib 

K 

0 

1.000 

1.50 

0.6024 

0.1 

0.9525 

2.00 

.5417 

0.2 

0.9096 

3.00 

.4570 

0.4 

0.8362 

4.00 

.3999 

0.8 

0.7266 

5.00 

.3582 

1.0 

0.6848 

10.00 

.2457 



00 

h 1 


Hence, in terms of the cross-sectional area. A, in square centimeters, 
and H and I in centimeters, 


Fo = 29.54 At liter -sec 


F/ 


29. 54 Ai VT/M 

1 + ^ (Htli/Ai) 


liter • sec 


( 22 ) 

(23) 

(24) 


It will be observed that for the dimensions expressed in inches, instead 
of in centimeters, the values deduced for Ft in equations 7, 8, 9, 10, 11, 
and 12 should be multiplied by (2.54)® = 6.452 to give the value of the 
conductance in cm® • sec“^. 

For air at 25° C, VT/M = 3.207, and hence we derive the following 
relations, for the values of the conductance for air at 25° C: 


Fq = 75.3H.( liter • sec 
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For a long cylindrical tube (k/di > 50), where df = diameter in inches, 
Ft = 78.Sdi^/li liter • sec”^. 

For a long tube of non-circular cross section, 

Ft = 401.6^4,// liter • sec~^. 


For a short tube of any form of uniform cross section, 


Ft' = 


1 + 0.188 Hik/Ai 


liter • sec 


For the special case in which a tube of cross section At joins a tube of 
smaller cross section, A 2 , the value of the conductance at the junction, 
for air at 25° C, is 




75.3^2 

1 — A^jAt 


(25)“ 


where At and A 2 are expressed in square inches. 

For A 2 = At, Fj = 00 , and l/Fj = 0, which signifies that for this 
case the added resistance is zero. 

For A 2 very much less than At, the value of the conductance ap- 
proaches that for the opening of area A 2 . 

As illustrations of the application of the equations for molecular flow. 
Table 6 gives values of Ft (cm^ • sec~^) for a number of typical cases. 
The temperature is assumed to be 25° C in all cases. At 25° C, 

Ft = 1.972 • 10^ Ka^ • cm^ • sec-^ 


The last column in the table gives values of the time constant, Ato = 
2.303 • 10^Ft~^, which, as will be shown in the following section, 
corresponds to the interval of time (in seconds) required to reduce the 
pressure in a 1-liter volume to 10 per cent of its instantaneous value, 
through a tube of the dimensions given, assuming that the pressure at 
the inlet to the pump is maintained at zero. In this table, and Table 7 
Ff corresponds to F/ in the previous equations. 

As will be observed, the values of Ft for large values of a are con- 
siderably greater than for smaller values. This is, of course, due to the 
o® factor. An increase of 10 per cent in the value of a leads to an in- 
crease of 33.1 per cent in the value of Ft (for long tubes), whereas a 10 
per cent decrease in the value of I leads to an increase of only 11.1 per 
cent in the value of Ft. 

This relation has been widely quoted in reports issued by the Manhattan Proj- 
ect. Its derivation has been ascribed to Dr. R. Loevenger of Stanford University, 
but the writer has been unable to obtain the details of this derivation. 
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TABLE 6 


Values of “Conductance,” Ft , pok a Number of Typical Cases 


a 

/ 

Ija 

K 

Gas 

Ft (cm® - sec ^) 

230S/Ft (sec) 

0.51 

3.2 

6.273 

0.273 

Hs 

' 9.868 ■ 10’ 

0.2333 

(Wide-bore stopcock) 


Ne 

3. 120 10’ 

0.7381 





Air 

2.620 - 10’ 

0.8790 





A 

2.216-10’ 

1.040 





Kr 

1.532-10’ 

1.503 

0.20 

2.0 

10.0 

0.197 

H2 

1.088-10’ 

2.116 

(Narrow-bore stopcock) 


Ne 

3.442-10’ 

6.689 





Air 

2.871-10’ 

8.021 





A 

2.445-10’ 

9.419 





Kr 

1.690-10’ 

13.61 

0.40 

40.0 

100.0 

0.0258 

H2 

5.709-10’ 

4.033 





Nc 

1.805-10’ 

12.76 





Air 

1.505-10’ 

15.31 





A 

1.282- 10’ 

17.97 





Kr 

0.886-10’ 

25.99 

2.0 

40.0 

20.0 

0.1135 

H2 

6 .319 • 10^ 

3.645- 10-’ 





Air 

1.665-10^ 

1.383- 10“’ 

5.0 

20.0 

4.0 

0.3589 

H2 

1.248-10’ 

1.845- 10-’ 





Air 

3.291- 10’ 

6.998 - 10-’ 

20.0 

20.0 

1.0 

0.6720 

H2 

3.741 - 10’ 

6.156 - 10“’ 





Air 

9.860-10’ 

2.335- 10-’ 

2.5 

20.0 

8.0 

0.2316 

H2 

2.014-10’ 

1.144- 10-’ 





Air 

5.309-10’ 

4.338 - 10-’ 

2.0 

1.0 

0.5 

0.8013 

H2 

4.461-10’ 

5.163 - 10“’ 





Air 

1.176-10’ 

1.959- 10-’ 


The effect of the “end correction,” which is really the significance of 
the factor K, is shown by comparing the values of Ft for the 40-cm length 
of tubing, 2.0-cm radius, with that for the 1-cm length. If only I were 
involved. Ft for the shorter tubing should be equal to 40 X 1.665 • 
10^ = 6.860 • 10® (for air), whereas it is actually equal to 1.176 • 10®. 

For an opening of radius a in a very thin plate, the value of Fo, in the 
case of air at 35° C, is given, as shown in Table 2, by 

Fo — 36.66 • 10®a^ cm® • sec~^ 


2303 

Fo 


6.279 • 10-®o-® sec. 


and 
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Table 7 gives values, for air at 26"^ C, of Fq, the conductance of an 
opening of radius a, and of the conductance of a tube of the same 
radius, for different values of l/a. The corresponding values of K are’ 
given at the top of the table, and the value of Ft = FqK = ^&MKa^ 
liters • sec^^. 


TABLE 7 

Values or Conductance of Orifices and Tubes, for a Range of Values 

OF a for Air at 25® C 


Ft, Conductance of Tube (liters • sec for Air at 25° C 


Fo 


a 

(cm) 

(liters • 
sec“^) 

l/a = 1 

2 

4 

8 

12 

16 

30 

K = 0.672 

0.514 

0.359 

0.232 

0.172 

0.137 

0.080 

0.1 

0.367 

0.246 

0.188 

0.132 

0.085 

0.063 

0.050 

0.029 

0.2 

1.466 

0.986 

0.753 

0.527 

0.340 

0.252 

0.200 

0.117 

0.3 

3.300 

2.217 

1.664 

1.184 

0.764 

0.567 

0.451 

0.263 

0.4 

5.866 

3.943 

3.013 

2.106 

1.358 

1.008 

0.802 

0.468 

0.5 

9.166 

6.160 

4.708 

3.291 

2.122 

1.575 

1.253 

0.731 

0.6 

13.20 

8.872 

6.779 

4.739 

3.057 

2.269 

1.805 

1.052 

0.7 

17.97 

12.08 

9.228 

6.449 

4.161 

3.088 

2.457 

1.432 

0.8 

23.47 

15.77 

12.05 

8.424 

5.436 

4.033 

3.208 

1.871 

0.9 

29,70 

19.96 

15.25 

10.66 

6.879 

5.105 

4.061 

2.368 

1.0 

36.66 

24.64 

18.83 

13.16 

8.492 

6.302 

5.013 

2.922 

2.0 

146.6 

98.56 

75.34 

52.65 

33.97 

25.21 

20.05 

11.69 

3.0 

330.0 

221.7 

166.4 

118.4 

76.42 

56.71 

45.11 

26.30 

4.0 

586.6 

394.3 

301.3 

210.6 

135.8 

100.8 

80.21 

46.77 

5.0 

916.6 

616.0 

470.8 

329.1 

212.2 

157.5 

125.3 

73.10 

6.0 

1320.0 

887.2 

677,9 

473.9 

305.7 

226.9 

180,5 

105.2 

7.0 

1797.0 

1208.0 

922.8 

644.9 

416.1 

308.8 

245.7 

143.2 

8.0 

2347.0 

1577.0 

1205.0 

842.4 

543.6 

403.3 

320.8 

187.1 

9.0 

2970.0 

1996.0 

1525.0 

1066.0 

687.9 

510.5 

406.1 

236.8 

10.0 

3666.0 

2464.0 

1883.0 

1316.0 

849.2 

630.2 

501.3 

292.2 


For the range a = 10 to a = 100 cm, the values of both Fo and Ft are obviously 
100 times those given in the table for the corresponding values in the range a = 1 to 
a = 10. 


One case of importance in vacuum-tube technique is the determina- 
tion of the conductance (or ^^speed'O of a liquid-^Lir trap. 

Let us consider a trap, such as that shown in Fig. 3, in .which 2a2 = 
inside diameter of outer cylinder, and 2ai = outside diameter of inner 
cylinder. For the annular space between the two cylinders, of length Z, 
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equation 2 leads to the relation 

4 I 

Fc 8 Va ir(a2^ — ai^)(a2 — Oi) 


(26) 



Fig. 3. Plots of F/ai^ versus oi/a* for the "molecular” flow of air at 26® C through 
a liquid-air trap. The ordinates' give values of F/oj*, where F = conductance in 
liters • sec“^ and a* denotes the inside radius (in centimeters) of the outer tube. The 
abscissas give values of 01 / 02 , where oi denotes the inside radius (in centimeters) of 
the inner tube. Each curve corresponds to the indicated value of Z/02, where I 
denotes the total length (in centimeters) of the trap. For large values of l/at the 
maxima (indicated by the dashed line) occur at the value ai m 0 . 62 o 2 . 


that is, 


Fc = 97007r(ai — 02)^ (02 + Hi) 


1 ^ 
I \M 


cm® • sec * (27) 


— 97.70(02® “ <ii®)(a 2 + Oi) j liter • sec ^ 


for air at 26° C. 
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It will be observed that for ai = 0 the last relation is identical with 
that given in Table 2. 

For short tubes an approximate correction may be made by adding 
the resistance of the orifice to that of the annular space. Hence 

J_ ^14 1 

Fc2 Pc Va r(a2^ — 

= ± I ji + _JL_). 

(CL2^ — ^1^) I 8(a2 — ai). 

Assuming that the thickness of the wall is negligible compared to Oi, 
the resistance of the inside cylinder is 

1 1+ f q/ax) 4 

Fcl ax 'KVa 

Hence, the total resistance is given by 

F F,2 Fcl 

M l , 31 1 3 ; I 

T^a\a>2 — 8(a2 — ai)(a2^ — ai^) ai^ 8 ai^J 

The problem of interest in designing a liquid-air trap is the calculation 
of the optimum value of the ratio ai/a 2 - J. M. Lafferty of this 
laboratory has treated the problem in the following manner: 

Let X = ai/a 2 f and let Y = Z/a 2 . 

Then equation 28 leads to an expression for F, the conductance of the 
trap, of the form 

F = Y), 

4 


where 


KX, Y) = 


X^(l -X){1- X^) 

x(i -x) + |r[z3 + (1 - z)(i - x^)] ' 


For air at 26® C, 


F == 36.6602 VC-X’, y)- 


In Fig. 3 this relation has been used to plot F as a function of X for a 
series of values of Y. From the approximate method used for the calcu- 
lation of both Fei and Fc 2 , it is evident that the derived relation may be 
applied only for values of Y which are greater than at least 4. The 



108 FLOW OF GASES THROUGH TUBES AND ORIFICES [Chap. 2 


dotted curve shows the values of X for maximum conductance at different 
values of Y. For large values of Y, the maximum value of f{X, Y) 
occurs for X^ + X = 1, that is, for X - 0.618. 

Hence the optimum conductance of a liquid-air trap (for air at 25° C) 
for given values of 02 and I is given by the relation 

F = 0.618 X 0.382 X 1.33 X 36.66a2VF (29) 

= 11.53o 2®/Z liter • sec^^ 
where ai = 0.618a2 and I > 5a2. 

To the resistance thus calculated must also be added the resistance of 
the extension of the inner tube and also that of the side connection. 
Furthermore, the wall thickness of the inside tube may not be negligible 
compared with the inner diameter of the tube. As illustrations, the 
following detailed calculations give the values of F for two different 
traps. For both, 2ai is the outside diameter of the inner tube, 2a2 the 
inside diameter of the outer tube, and 2o the inside diameter of the 
inner tube. 


Case I. Large Trap. 

1. For the annular space, ai — 1.59, 02 = 2.38, I = 21.6. Hence 


Fi 


97.83 X 0.79 X 3.97 
21.6/0.79 -I- 2.67 


liters • sec ^ 


= 10,220 cm® • sec ^ 


and 


^ = 9.783 • 10 ® cm ® • sec. 


2. For the inside tube, a = 1.40, i = 24.1 (assuming that this tube 
extends 2.5 cm outside the annular space). Therefore l/a = 17.22, 
K = 0.13. 


F 2 = 36.66 X (1.40)® X 0.13, liters • sec ^ 
= 9340 cm® • sec~*. 

= 10.71 • 10“* cm~® • sec. 

^2 
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3. For the side tubCf a = 1.40 , 1 = 2.54^ 1/ a = 1.81, iSC = 0.637. 

Fa = 36.66 X (1.40)^ X 0.537 liters • sec“^ 

= 38,590 cm® • sec~^. 

= 2.592 • 10 “® cm~® • sec. 

Fa 

Hence, 

| = ^ + ^ + L = 23.09 • 10-® cm-® • sec, 
r r 1 r 2 "3 

and 

F = 4331 cm® • sec~^. 

In this calculation it is assumed that the side tube is only 1 in. 
long, and that the inner tube extends only 1 in. outside the ring 
seal at the top. If the inner tube extends 20 in. (50.8 cm), then 
F 2 = 3682 cm® • sec-^ and I/F 2 = 27.16 • 10“®, with the result that 

= 39.54 • 10“® and F = 2529 cm® • sec”^. 

F 

Case II. Small Trap. 

1 . For annular space, ai = 0.95, 02 = 1.35 , 1 = 19.05. Hence 

Fi = 1812 cm® • sec“^ 

= 5.518 • 10“^. 

Fi 

2. For the inside tube, a = 0.794, Z = 71.2 cm, 

F 2 = 687.3 cm® • sec”^. 

^ = 14.55 • 10-^. 
t2 

3. For the side tube, a = 0.794 , 1 = 8, K — 0.172, 

Fa = 3968 cm® • sec”^. 

L = 2.520 • KT*. 

Hence 1/F = 1/Fi I/F 2 •+• I/F 3 = 22.59 • 10”^ , and 
F = 442.7 cm® • sec”^. 
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In this case, also, the major part of the resistance is contributed by the 
long length of the inside tube. Since 1/F varies as l/a^ it is obvious 
that, whenever it is necessary to use a long length of tube, the diameter 
should be made as large as practicable. 

It should be observed that at the temperature of liquid air (T = 90 
approximately) the conductance for any gas will be V90/298 = 0.55 
times that for the same gas at 25'' C. (See pages 65-67.) 

Knudsen's equations for flow have been tested not only by Knudsen 
himself, but also by W. Gaede^^ and W. Klose.^^ Gaede measured the 
rate of flow of hydrogen through a narrow slit between two plates. 
The observed deviations from Knudsen's deductions were due, pre- 
sumably, to formation of a film of adsorbed gas on the walls, which would 
lead to a decrease in the value of the coefficient of slip. (See equa- 
tion 1.12.) 

Klose determined rates of flow at low and intermediate pressures 
through cylindrical tubes. He used not only straight tubes, but also 
tubes bent into the shape of right angles as well as large-bore taps. He 
compared the observed results with those calculated (a) on the basis of 
Poiseuille's law with correction for slip (discussed in section 1) and 
(6) on the basis of Knudsen's semi-empirical relations discussed in sec- 
tion 3. His conclusions were as follows: 

At very low pressures, where L is greater than a, Knudsen's equations 
for molecular flow represent the observations very satisfactorily. The 
value of F depends only on the total length of path and on the values of a 
for different sections. The introduction of bends or wide-hore taps has no 
effect. At normal pressures, where L is very much less than a, Poi- 
seuille's law applies very accurately. For intermediate pressures, 
observations on rates of flow of nitrogen through cylindrical tubes (85 
to 92 cm in length and values of a ranging from 0.1 to 0.35 cm) were 
in better agreement with Knudsen's relations (discussed in the following 
section) than with those in which a correction for slip is introduced. 

Klose also observed the minimum in the value of F at low pressures, 
as predicted by Knudsen's theory. With increase in pressure above the 
range of application of Knudsen's theory of iholecular flow, the values 
of F exhibited a gradual increase. 

From the above equations for F it follows that for different gases F 
varies inversely as that is, inversely as Vilf . This indicates a 
method for the separation of gases of different molecular weights which 

Ann. Phynk, 41, 289 (1913). 

^^PhyHk. Z., 81, 503 (1930); Ann. Physik,!!, 73 (1931). 

1* See discussion in the following section. 
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has been applied very successfully in certain cases. For instance, by 
means of porous walls G. Hertz^^ and his associates have effected a 
partial separation of the isotopes of helium, carbon, and nitrogen, while 
A. Farkas^® has been able to separate completely the isotopes of hydrogen 
(H 2 and D 2 ). 

As shown in a subsequent section, the capillaries in porous diaphragms 
correspond to values of the radius ranging from 1 to 6 • 10”^ cm. 
Consequently flow of molecular type occurs through such diaphragms 
at pressures of 10""^ to lO”"^ atmosphere. 

It is also evident that such porous walls should be especially useful 
for removing traces of lighter gases from a gas of heavier molecular 
weight. 


3. FLOW AT INTERMEDIATE PRESSURES 

Equation 1.14 was deduced on the basis of MaxwelFs theory of slip. 
M. Knudsen^^ approached the problem from a more empirical point of 
view and as the result of a series of measurements he deduced the 
following relation for flow 

+ ( 1 ) 

where 

PfMba == average pressure in microhars, 



TT 0.3926 , i . , i 

«! = — • — = cm • sec • microbar , 

ori 1 V 1 

(1.2) 


2 « . nn 3 -1 

*2 = g • y -^fo = 30,476 j yj— cm® • sec % 

(2.8) 


o 

Cl — 2a f 

rj 

(2a) 

and 

\/p7 

C 2 - 2.47a — - 
n 

(3o) 

“Z. PhyM, 79, 108 (1932); H. Hannsen, Z. Physik, 82, 689 (1933), and H. 
Hamsen, G. Hertz, and W. Schutze, Z. Physik, 90, 703(1934). Also see R. M. Barrer, 


Diffusion in and through Solids^ Macmillau and Company, -Cambridge, England, 1941 
(designated RB), for a more detailed discussion of these investigations. 

Light and Heavy Hydrogen^ Cambridge University Press, 1935, p. 120. 

Ann. Phy«ik, 28, 76 (1909). 
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Substituting for 77 and pi, we obtain the relations 

CiP^ba = 2.507 ^ = 2.507 (26) 

\ 

c^P^ba = 3.095 = 3.095 (36) 

La L\m 


where Lj = mean free path (in centimeters) at P^ha and L\m = mean 
free path (in centimeters) at 1 microbar. 

Since P^ 5 a = where = average pressure in microns, and 

Lim = ^Li) where Li = mean free path in cm at 1 micron, equation 1 
can be expressed in terms of P^a, the average pressure in microns, as 
follows: 


where 


F = 


0.5236 a^ 


yP^a + 3.048 • lO^Z 


u 


L 

M 


1 + 2.507aP^a/Li 
1 + 3.095aP^a/Li ‘ 


cm^ * sec ^ 


(4) 

(5) 


For P^a very small compared to Lila, Z = 1 , and equation 4 becomes 
identical with equation 2.8. For P^a very large compared to Li/a, 
Z = 0.81, and equation 4 becomes practically identical with 1.3a. 
Thus equation 1 or 4 represents the conductance as the sum of two 
parallel conductances — one corresponding to Poiseuille flow, and the 
other to Knudsen flow. 

It will be observed that equation 2.8 expresses the value of Ft for a 
very long tube {I /a > 100 approximately), since this is also the condition 
under which the expression used for ai (equation 1 ) is valid. 

In terms of di, the diameter of the capillary in inches, and li, the 
length in inches, equation 4 becomes 


F = 


0.5362 ^ 

It 


P^a + 2.458 • lO^Z, 


^ II 

li Sm 


cm^ - sec ^ 


( 6 ) 


where 

1 + 3.184d,P,a/Li 
* 1 + 3.931d,P^a/Li 


(7) 


and Li = mean free path in centimeters at 1 micron. 

An interesting application of equation 4 to the flow of gas in the mass spectrom- 
eter has been published by R. E. Honig, J. Applied Phya., 16, 646 (1946). It 
should be noted that Fig. 3 in this paper applies to a capillaiy of diameter 0.066 mm 
(not cm). 
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For air at 25® C (v = 1.845 • 

F = 2.838 y Py,a + 97.75Z y liters • sec ^ (8) 

W .4 W 3 

= 2.906 -j- P^a + 78.81Z -p lii^s • sec-^ (9) 

H H 

A very convenient expression for F may be derived in terms of a/La, 
as follows: 

Substituting from the relation 

7} = 0.5pVaL, 
equation 1 becomes 

j, _ VgA Tt a 8/ 1 + 2.507a/L, \-j 

4(Z/a) 18 3 Vl + 3.095a/La/J ’ ^ ^ 

in which a/ La = aPf^alLi^ the pressure is expressed in microns, and 
Li = mean free path at 1 micron. 

Differentiating the expression in the large brackets with respect to 
a/La, it is readily shown that F is a minimum^® for 


1 


La 3.095 


= 0.323. 


Since • w/S = 0.1472, equation 8 can be expressed in the very simple 
form 


F = Fi(o.im~ + zy 


( 11 ) 


where Z is expressed by equation 5, and 


Ft = 30.48 T x/tt • sec ^ 

I \M 


= 24.58 -f - \/t 7 liters • sec ^ 
li \M 


Table 8 gives values of QA^12alLaj of Z, and of F /Ft for a range of 
values of a/La = aP^^a/Li, 

( It will be observed that, for a/La greater than about 100, the Poiseuille 
term is the predominant one, while for a/La less than about 1, the 
Knudsen term becomes important. 

This is in agreement with Knudsen's deduction, when account is taken of the 
fact that he made use of the relation ly *= 0.3097pt)al/. 
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TABLE 8 

Ratio of Conductance of Cylindrical Tube (F) to That for Molecular 
Flow ( Ft ) as a Function of a /La 


a /La 

0.1472 (a/La) 

Z ^ 

F/Ft 

10^ 

1472.0 

0.810 

1472.81 

10^ 

147.2 

0.810 

148.01 

102 

14.72 

0.810 

15.53 

10 

1.472 

0.816 

2.288 

5 

0.736 

0.822 

1.558 

1 

0.147 

0.857 

1.004 

0.5 

0.074 

0.885 

0.959 

0.323 

0.047 

0.905 

0.952 (minim.) 

0.2 

0.029 

0.933 

0.962 

0.1 

0.015 

0.955 

0.970 

0.05 

0.007 

0.974 

0.981 

0.01 

0.002 

0.995 

0.997 

0 

0 

1.000 

1.000 


These conclusions may also be expressed as follows: Replacing La 
by LilP^^ay where is the average pressure along the tube, in microns^ 
the data in the above table show that, for values of aP^a greater than 
100 Li, the flow is almost completely viscous^ while for values of aP^^a 
less than Li, the flow is over 95 per cent molecular. Figure 4 shows a 
semi-log plot of F/Ft as a function of aPy^a/Li, 

For instance, for air at 25^^ C, Li = 5.09 cm. Hence, the Poiseuille 
law is applicable for values of the average pressure above 509/a microns, 
while the relations for molecular flow are applicable in the range below 
5.09/a microns. Furthermore, the minimum value of F occurs at 
Ptxa = 1.644/a microns, and it should be carefully noted that, in these 
relations, a = radius of tube in centimeters. 

As an illustration of the application of the data in Table 8, it is of 
special interest to calculate the rate of leak of air through a ^‘pinhole^^ 
in an evacuated device at atmospheric pressure and 25° C. 

In this case, P ^2 = 7.6 • 10®, P^i = 0, and P^a = 3.8 • 10®. For air 
at 25° C, Li = 5.09 cm. 

Now let us assume two sizes of holes: 

1. Z = 0.1 cm, a = 5 • 10~® cm (0.25 mil diameter), 

2. Z == 0.1 cm, a = 5 • 10”^ cm (2.5 mil diameter). 

Hence we derive the following results: 

1. a/La = 3.73, F/Ft = 1-4, and Q = FP^a * 3.76 micron • liters per 
hour. 

2. a/La = 37.3, F/Ft = 6.3, and Q ~ 4.48 micron • liters per second. 
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As will be observed from the values of the ratio of viscous to 
molecular flow is greater for the larger-diameter capillary. Also, case 1 
serves to emphasize the fact that, even for a very fine hole, the rate of 
leak may be quite considerable. 



Fig. 4. Plot of ratio F jFi versus aPalL\ for cylindrical tube where Pa * average 
pressure in microns, a =* radius of tube (centimeters), and Li « mean free path 
(centimeters) at 1 micron. F =* conductance for Po, Ft = conductance for molec- 
ular” flow. For curve A use scales (A), and for curve B, scales (B), as indicated 

by directions of arrows. 

For air at 26® C, equation 11 can be written in the form 

F = (12) 

where Ft is expressed in liters • sec“‘, as above. 

Also, the rate of flow, 

Qtii = F (P „2 — Pul) micron • liters • sec~^. (13) 

From the last two equations it follows that, in the range of molecular 
flow, Q varies linearly with the value of (P „2 — P„i), while in the range 
of viscous flow Q varies with the value of (Pm2® — Pmi"). Figure 6 shows 
a plot log Q versus log P,,2 for a capillary 100 cm long with 0.51-cm 
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radius. At low pressures, the slope is unity. With increase in pressure 
the slope increases, and at the higher pressures it becomes 2. The plot 
shows the transition region of pressures in which the rate of flow changes 
character. At very low pressures (less than l/x), Ft = 0.163 liter • see”'^ 
The value Z = 0.9 in the parentheses is used as an average over the 
range of pressures in the transition region. 

In terms of di = diameter in inches, Z/ = length in feet, and 
cu ft • min^^ equation 12 takes the form 

?.13.92|’(0.0368..P„ + l±|;|^) .utfmm- (14, 
and 

Q^c = F{Pfj ,2 ~ Pill) micron • cu ft • min“^. 


It will be observed that in equations 8 and 12, 


2.838 = 0.1472 X 


97.75 

5.09 


0.0290 - 


0.1472 

5.09 


In the case of an orifice in a very thin wall, the relation for Fq is the 
same as at low pressures for d less than La, where d corresponds to the 
diameter of the circular orifice or longest dimension of the non-circular 
orifice. 

In equations 10 and 11 and in Table 8, F is expressed as a function of 
Ft (the conductance for molecular flow) and a/ La', it is also possible to 
derive an expression for F as a function of the conductance for Poiseuille, 
or viscous, flow and La/a, 

In a very significant paper by G. P. Brown, A. DiNardo, G. K. Cheng, 
and T. K. Sherwood^^ the relation deduced for the conductance is of the 
form (see equation 1.13), 

F-F,[l + 40-l)&], (15) 

where 


Fp = conductance for Poiseuille flow 
1.33Ta^P„„ 0.5236 a* 


8r,l 


I 


cm*' • sec 


^ J, Applied Phys.f 17, 802 (1946). See also two papers by W. P. Dryer, in Chem. 
Eng., 64, November and December, 1947, in which the relations derived in the first 
three sections of this chapter, as well as in section 5, have been presented in a form 
convenient for use by engineers in designing vacuum systems. 
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and / denotes Maxwell's constant corresponding to the fraction of the 
gas molecules striking the walls that is diffusely reflected. 

From a comparison with equation 4 it follows that we should obtain 
the relation 



where Z is defined by equation 5. 

For Ifa > 100, and Z = 1 (region of molecular flow), this leads to 
the value / = 0.74. A comparison of values of F actually observed by 
previous investigators with those calculated by means of the last 
equation leads to the value / = 0.77. For higher pressures the cal- 
culated value of / is found to be 0.84. The above-mentioned authors 
have shown that for the flow of air in iron and copper pipes values of F 
in agreement with those observed may be obtained by assuming / = 0.90. 
The original paper also contains a chart from which F may be calculated 
for a range of values of LJa. 


4. FLOW OF GASES THROUGH POROUS DIAPHRAGMS 


In terms of Aa, the average pressure in atmospheres, equation 3.4 
has the form 


F = 


3.978 • 10® 


-Aa + 3.048 -lO^Zy 


L 

M 


cm® • sec" 


( 1 ) 


This equation has been applied by H. Adzumi^^ in interpreting his 
observations and those of others on the rate of flow of gases through 
porous walls. 

According to Adzumi a porous diaphragm may be regarded as a net- 
work of capillaries which are connected both in series and in parallel. 
Hence, a^/Z and a®/Z in the above equation should be replaced by the 
equivalent ‘^conductances," 


Furthermore, Adzumi assumes for Z an average value of 0.9. 
sequently, equation 1 may be replaced by the equation 


F = 


3.978 • 10° 

n 


• aAa + 2.743 • 10*0 



Con- 


( 2 ) 


= cAa -f- bf 


(3) 


** BtiU. Chem. Soc. Japan, 12, 304 (1937). The topic is also discussed comprehen- 
sively in RB, p. 66. 
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where c = 3,798 • lO^a/rj cm^ • atm ^ • sec 

b = 2.743 • 10^/3 VtJm cm^ • sec-"^ 

Let d denote the thickness (in centimeters) and S the area (in square 
centimeters) of the porous plate, and let 


ao = 


ad 

~S 




S ’ 


(4) 


If all pores in the plate have a uniform radius, /?, and N is the number 
of pores per unit area, then 

ao = NR^ and /3o = NR^, 

Consequently, 

K = J and Ar = ^- ( 6 ) 

Po «o 


That is, 

_ 2.743C1? [¥ 

si.myjM 

and 

10 "^ M [m 
^ ~ 2.743'-SftW T ' 


( 6 ) 

(7) 


Adzumi has applied these relations to observations made by J. Same- 
shima^^ on the rates of flow of seven gases through an unglazed earthen- 
ware plate, at 25° C and at the following pressures: A 2 = 1.0, 1.5, 2.0, 
2.5 atm, and Ai = 0, so that Aa = 0.5, 0.75, 1.0, and 1.25 atm, respec- 
tively. The gases used included CH 4 , NH 3 , C 2 H 2 , C 2 H 4 , air, O 2 , and 
CO 2 . For all these gases over the whole range of pressures, Adzumi 
deduced the relation ♦ 


„ 7.282 • 10-« , 0.1636 , 

F = Aa H cm® 

V VM 


sec 


.-1 


( 8 ) 


For instance, for air (»; = 1.845 • 10 “^ and M — 29) the last equation 
becomes 

F = 3.945 • 10“®Aa + 0.03038, 
which leads to the conclusion that, for Aa = 0.5 atm, 

F = 0.01972 + 0.03038 = 0.05010. 

Chem. Soe. Japan, 1, 5 (1926). 
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That is, for A 2 = 1 and Ai = 0 atm, the rate of flow is 0.0501 cm^/sec, 
measured at atmospheric pressure. 

Adzumi also investigated the rate of flow of air at 20^ C, through a 
number of other types of porous plates. Tab^e 9 gives a brief descrip- 
tion and values d and S for the plates used. 

TABLE 9 

Dimensions of Porous Plates Used for Determination of Rates of 
Flow of Air at 20° C 



d (cm) 

S (cm*) 

I Porous plate used by Sameshima 

0.15 

0.28 

II Compact plate used in organic preparations 

.27 

2.22 

III Rough plate used in organic preparations 

.41 

2.22 

IV Mantel of a Daniell cell (white) 

.2 

0.27 


Table 10 gives observed values (for air) of c and h in equation 3, and 
also derived values of a, )3, 72, and N. 

TABLE 10 


Values of Constants in Equation 3 Calculated from Rates of Flow 


Plate 

10*c 

10*6 

10^ 'a 

10^/9 

10^/2 

lO'W 

I 

3.945 

3.038 

1.83 

3.45 

5.3 

12. 

II 

0.9705 

1.430 

0.45 

1.64 

2.77 

2.4 

III 

1.790 

1.500 

0.83 

1.72 

4.84 

2.8 

IV 

2.372 

5.948 

1.10 

6.82 

1.61 

960. 


The values deduced for N and R are, of course, to be regarded merely 
as indicating the magnitudes of these numbers. 

Of the four samples of porous plate discussed by Adzumi, II has the 
lowest conductance. For A 2 = 1 and Ai = 0, the rate of flow through 
this plate is 0.019 cm^ • sec“\ measured at 1 atm. At A 2 = 0.1 and 
A\ = 0, the rate of flow is 0.00148 cm^ • sec“^, measured at 1 atm, of 
which about 97.3 per cent is of the free-molecule type of flow. 

In terms of the gas ^'permeability,^^ per unit area, of a porous plate, 
designated by Pq^ it will be observed that 


Pq = 


^0(^2 + Ai) 


where S = area of plate and AF = quantity of gas flowing through the 
plate in time t, for a pressure difference A 2 — Ai. Hence 


Po 


2F F 

S{A2 + Ai) 


( 10 ) 


where F = conductance, and Ao = average pressure. 
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These observations and conclusions regarding the flow of gases 
through porous diaphragms have been applied in this laboratory" to the 
development of calibrated leaks. 


5. RATE OF EXHAUST THROUGH A TUBE OR ORIHCE 

In vacuum work the problem often occurs of determining the effect 
on rate of exhaust of a given admittance F between the volume, F, that 
is being exhausted, and the pump. Since we shall consider, in a sub- 
sequent section, the subject of high-vacuum, high-speed pumps, we shall 
assume in the following discussion that the speed of the pumps is 
sufficiently high to maintain the pressure P = 0 at the pump inlet. 
That is, we assume that the whole drop in pressure occurs in the con- 
ductance P. 

Let P designate the pressure (in microbars) in the volume V at any 
instant during the exhaust. Then, the rate of exhaust, that is, the 
volume of gas in cubic centimeters (measured at 1 microbar) removed 
per second is given by the relation 

-F^f = FP. (1) 

For the whole range of pressures, from atmospheric to very low pres- 
sure, F varies with P in the manner shown in equations 3.1, 3.8, and 3.9. 
For the purpose of solving the differential equation given above, we shall 
assume the validity of the approximate relation, derived from equa- 
tion 3.11, 

F = 0.073Q- FtP + Ft, (2) 

c 

where P = 2Pa, and c = mean free path at 1 microbar. 

As is evident from the data in Table 8, the error involved in using the 
assumption Z = 1 does not exceed 10 per cent in the range 10 > a/ La > 
0.5 microbar, and is less than this in the higher-pressure and very low- 
pressure regions. 

Introducing equation 2 into 1, the latter assumes the form 

- ^ = + kP, (3) 

at 


where 


aFt 

b = 0.0736 — ' 


( 4 ) 
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and 


Hence 


k = 


Ft 


(5) 


dP dP 
P (P + k/b) 


= kdt. 


Integrating the last equation, we obtain the result 


In 




( 6 ) 


+ k/b 

where Pi = pressure at ^i, P 2 = pressure at ^ 2 , and ^2 is greater than ti, 
so that Pi > P 2 . The symbol In is used to indicate logarithms to 
base €. 

Converting to ordinary logs, equation 6 becomes 

(7) 

There are two limiting cases for which equation 6 or 7 assumes a 
simpler form. 

Case I. P 2 is very much greater than k/h. This is valid, in general, 
for P 2 ^ 100 microbars (75 microns). 

Since 

equation 6 becomes 




( 8 ) 


That is, 1/P varies linearly with t. 

Case n. P is very much less than k/h. 


the range Pi ^ 1 microbar. Equation 7 then becomes 


This is valid in general in 


or 


fe — = 


2.303 


2.303, (PA 

(9) 

2.308V, /PA 

F. 

(10) 
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For Pi! Pi = 10, 


ti — ti = Ato 


2.303F 

Ft 


( 11 ) 


We shall designate Ato the interval of time required to reduce the 
pressure in V to one-tenth its instantaneous value, as the time constant 
of the conductance F — Ft for the volume V. Evidently Ato varies 
linearly with V. 

Although it is customary in such an equation as 9 to designate, as the 
time constant, that value of {ti — ^i) which reduces the pressure to 
l/«th (36.79 per cent) of its value at any given instant, the definition 
given in equation 1 1 is evidently much more convenient for practical 
applications in high-vacuum technique. It is obvious that, if we plot 
P against t on semi-log paper, Ato may be obtained directly from the 
straight-line plot. Furthermore 2Ato is the period required to reduce 
the pressure to 1 per cent, 3A<o, the period to reduce the pressure to 
0.1 per cent of its value at any instant, and so forth. 

For the range of pressures intermediate between cases I and II, equa- 
tion 7 must be used. 

We shall now consider two illustrations of the application of the above 
relations. In both we shall assume air at 25° C, for which c = 6.78 cm 
at 1 microbar. 

Case I. F = 5000 cm^, I — 100 cm, a = 0.5. For this tube, as 
shown in section 2, Ft = 122.2 cm® • sec~^. Hence 

b = 1.326 • 10"^ 

k = 2.444 • 10“® 

2-303 „ 

— - — = 94.2 sec = A/o 


- = 184.2 microbar = 138/t. 
b 

Table 11 gives values of ti — h and of the total time (in seconds) for 
the reduction of pressure in the system. The values of Pi and Pz are 
given in microbars. 

It will be observed that the interval of time required to reduce the 
pressure from 10* microbar ( = 750 mm) to 1 microW (= 0.75 micron) 
is just slightly greater than that required to reduce the pressure from 1 
to 0.01 , microbar. 

Case n. F »= 100 liters, Z = 20, a = 10. Hence l/a = 2, if = 
0.5136, and Ft = KFo = 18^ liters • sec“^. 
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TABLE 11 

Rate of Exhaust of Air through a Tube for Which I = 100 cm and 

a — 0.05 CM 


Pi 

Pi 

h — ti ^ 

Total Time 

10® 

10® 

0.0678 


10® 

10® 

0.678 

0.746 

10® 

10® 

6.16 

6.91 

10® 

10® 

35.8 

42.7 

10® 

10 

78.6 

121.3 

10 

1 

92.3 

213.6 

1 

0.1 

94.2 

307.8 

0.1 

0.01 

94.2 

402.0 


In this case, the interval of time required to reduce the pressure to 
that at which molecular flow occurs is so extremely low that the only 
value of interest is that of A^o- From the preceding relations it follows 
that 

2.303F 2.303 • 100 

“ KFo ~ 1883 

= 0.123 sec. 

A comparison of equations 8 and 11 shows that the interval of time 
required to reduce the pressure in a system from atmospheric to that 
at which molecular flow begins is relatively short when compared with 
the interval required for further reduction of the pressure to the order 
of 10""^ microbar (or micron). This follows from the fact that, in the 
viscous-flow range, the conductance varies as a^, whereas in the molec- 
ular-flow range it varies as a^. Hence, for large values of a, the first 
period is negligible in comparison with the second. This may be 
illustrated quantitatively by the following example. 

From equation 8 it follows that, for P 2 = O.lPi, 

9 122.3cF 

^ ~ 6P1 ” PiaFt ' 

Hence it follows from equation 11 that 

For air at 25° C, c = 6.78 cm at 1 microbar. Let us assume Pi = 10'* 
microbars. Then the ratio 

h - h 3.60 • 10”=* 
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For a = 0.5, the ratio has the value 0.072 (which is in agreement 
with the value 6.78/94.2 shown in Table 11) ; for a = 10, the ratio has 
the value 0.0036. That is, for the reduction of the pressure to one-tenth 
its value at any instant, the time required in the viscous-flow range of 
pressures is 0.36 per cent of that required in the molecular-flow range. 

In section 2, Table 6 gives values of F for a range of sizes of tubes and 
orifices. The last column in this table gives values of 2303/Fi, that is 
of A/o for V = 1000 cm^. {F t and V should be given in the same units 
of volume.) 

Since 1/Ft corresponds to a resistance, and the total resistance of two 
or more resistances in series is given by the relation 


I 

F 


1 1 

— "jr + TT + 

t2 


(13) 


it follows that A<o = time constant for the total resistance 

= (A<o)i + (AIo)2 +• (14) 

That is, the time constant of a series of tubes is equal to the sum of 
the time constants for each element of the series. For instance, the 
time constant of a tube in series with a stopcock and another tube is 
equal to the sum of the time constants for each of the sections. 

It is also important to observe that, whereas A/q is a constant which 
has the same value independently of the unit of pressure (whether 
microbars, microns, or millimeters of mercury), the value of b depends 
upon the unit of pressure. Let bmm denote the value for Pmm, and 
b,tb the value for P^b- Then, it follows that 

bmm ~ 1336,^6 ( 15 ) 

and 


bmm 1333 6,6 ' ^ 

It should be noted that in deducing equation 9 it was assumed that the 
values of Pi and P 2 are large compared with that of the ultimate pres- 
sure Pg observed at the low-pressure end of the tube (of conductance Ft). 
If, however, this condition is not satisfied, then Pi and P 2 in equation 9 
should be replaced by Pi - P, and P 2 - Pg, respectively. Obviously 
Pg should be expressed in the same units as Pi and P 2 .*® 

See remarks in Chapter 3, section 2. 

Note added during final proofreading: In connection with the topics discussed in 
this chapter, see also C. E. Norman, Ind. Eng. Chem., 40, 783 (1948). 



CHAPTER 3 


MECHANICAL PUMPS 

1. HISTORICAL REVIEW 

Before the advent of the carbon-filament lamp (1879), interest in the 
properties of gases at low pressures was manifested by relatively few 
investigators. Hittorf in Germany and Crookes in England made 
important observations on electric discharges in gases at pressures 
ranging as low as a fraction of a millimeter of mercury, and the Geissler 
discharge tube was a familiar showpiece in lectures on physics. To 
obtain the pressures required for such electric discharge tubes and other 
experiments at low pressures, piston pumps were generally used, which 
reduced the pressure to about 0.25 mm of mercury. For still lower 
pressures recourse was had to the hand-operated Toepler pump. 

With the intrcxluction of incandescent-filament lamps and the con- 
sequent need for vacuum pumping equipment, rotary oil pumps were 
adopted, by which vacua of the order of 10“^ to lO’”^ mm could be 
obtained. These pumps, towards the development of which W. Gaede 
made important contributions, exhausted into a ^^rough^^ vacuum of 
about 1 to 2 cm of mercury which, in turn, was obtained by means of a 
large rotary oil pump, operating against atmospheric pressure. Inci- 
dentally, it should be mentioned that, in order to obtain the much lower 
pressures required for efficient operation and long life of lamps, “getters^ ^ 
were applied to the filaments. After seal-off these materials were flashed 
off the filament and “cleaned-up” the residual gases.^ 

In 1905 Gaede introduced his rotary mercury pump, and a little later 
the rotary oil pump was applied widely in the manufacture of incan- 
descent lamps, as mentioned above. Although with the mercury pump, 
backed up by the oil pump, it was possible to attain pressures as low as 
10*^^ micron, the speed obtained was quite low. A radically new de- 
parture in the design of vacuum pumps was represented by the invention 
by Gaede, in 1913, of the ^‘molecular” pump, by which much lower pres- 
sures could be obtained with much higher speeds of exhaust. In fact, 
this type of pump was used for two or three years in the Research 

^ See Chapter 10 for discussion of this topic. 
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Laboratory of the General Electric Company in the commercial produc- 
tion of Coolidge X-ray tubes. 

A still more important advance in vacuum technique occurred in 1915 
when Gaede published an account of his “diffusion^’ pump, which was 
the direct incentive for the Langmuir ‘‘condensation’^ pump in 1916. 
By means of these mercury-vapor pumps it was possible to obtain pres- 
sures as low as 10~^ micron and thus meet the demands of the rapitlly 
expanding radio and communication techniques for electronic devices, 
which, as well known, require extremely low pressures for efficient 
operation. In this manner vacuum technology, which had hitherto 
found commercial application only in the incandescent-filament lamp 
industry, now entered into a completely new field which, since about 
1920, has developed into one of importance, not only for communication 
and broadcasting, but also for industrial control operations, television, 
radar, and many other applications. 

It is hardly necessary to state that during the Second World War 
these developments yielded extremely important contributions towards 
the successful outcome of the struggle. 

In 1928, C. R. Burch, of the Metropolitan-Vickers Electrical Company 
of England, found that certain high-boiling petroleum derivatives could 
be used effectively in condensation pumps to replace the mercury. 
This led K. C. D. Hickman and his associates at the Eastman Kodak 
Company Research Laboratories (and subsequently in the laboratory of 
the Distillation Products, Inc.) to investigate the practical possibilities 
of synthetic phthalates and sebacates for use in vapor pumps. Since 
these compounds and certain petroleum distillation products possess 
very low vapor pressures (less than about 10“^ mm) at room tempera- 
tures, it is possible to eliminate a cooling trap between the system to be 
exhausted and pump and thus utilize pumps of very high speeds. 

Such pumps have been utilized by the Distillation Products, Inc., 
for “molecular” distillation and the fractionation of natural organic oils 
for the isolation of vitamins. Other applications, such as the vacuum 
furnace distillation of metals and the dehydration of penicillin and 
plasma, have been developed extensively by the National Research Cor- 
poration. 

During the Second World War oil-vapor pumps of extremely high 
speed were utilized extensively in a variety of important industrial 
operations. 

As a result there has been developed, since about 1940, a new industry 
— vacuum technology. The production of vacua of the order of 10“"^ 
micron and even lower has been transformed from a laboratory curiosity 
to an industrial operation carried out on a scale that would, at one time, 
have been considered utterly fantastic. In the near future the vacuum 
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engineer and vacuum technologist will take their place in industrial 
activities along with the engineers and technologists trained in the older 
fields. 

; The following three chapters will deal with the most essential element 
in this new technique — the vacuum pump. In subsequent chapters a 
number of other topics will be discussed which are of importance in 
vacuum technique. 

2. GENERAL REMARKS ON OPERATION OF PUMPS^ 

In comparing vacuum pumps it is necessary to consider the following 
factors, which are the main characteristics of a pump: 

1. Exhaust Pressure. This is the pressure against which the pump 
may be operated. In general, the higher the degree of vacuum desired 
on the ^^fine” or intake side of the pump, the smaller the exhaust pressure 
should be. The low exhaust pressure is then obtained by means of 
another (so-called ‘^rough’^) pump, in series with the high-vacuum 
pump, which in turn exhausts into the atmosphere. Two or more 
rough pumps may be used in series in order to obtain a sufficiently low 
exhaust pressure for the fine pump, 

2. Degree of Vacuum Attainable, 'This is the lower limit of pressure 
which may be attained in a closed vessel connected to the pump. With 
most types of pump the degree of vacuum attainable depends to a large 
extent on the exhaust pressure used. This is usually due to leakage 
through the pump.^' For the vapor pumps, there is theoretically no 
lower limit to the pressure which may be attained (except that set by 
the pressure of the vapor itself); for the Gaede molecular pump the 
limiting pressure bears a constant ratio to the exhaust pressure. 

3. Speed of the Pump,^ Let Ps denote the lower limit of pressure 
attainable with a given piunp. Then S, the speed of the pumpf^is 
defined, like F in Chapter 2, section 5, by the relation 

dP 
dt ~ 

where C is the volume to be exhausted. 

By integration, there is obtained from this, a relation, similar to 
equation II.6.9, 

(pz - P.) 2.303C' ~ 

^ See discussion by I. Langmuir, Gen. Elec. Rev., 19, 1060 (1916). 

* Methods for the determination of vacuum pump speeds are discussed in 
section 7. 
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Like F, S corresponds to a conductance and is usually expressed in 
cm® • sec“^, liters • sec~^, or cu ft • min~^ 

For independent of P, a plot of log (P — P,) versus t gives a straight 
line, the slope of which is 

Alog(P-P.) S 


At 


2.303C 


Hence, the interval of time (in seconds) required to reduce the value of 
(P — P,) to one-tenth its value at any initial instant is given by 

A, 2.303C 

Ato = — - — sec, (4) 


where C and S are measured in the same units of volume. 
Equation 2 is actually equivalent to the relation 

Pt-Ps^ (Po - 


(2a) 


where Pq and Pt are the values of P at ^ = 0 and and e is the base of 
the natural system of logarithms. Hence, S may also be defined as that 
value of C in which the pump will reduce the pressure difference to 
1/eth (36.79 per cent) of its instantaneous value, in 1 sec. 

In terms of this notation we can also express equation 1 in the form 


where 


dt^c' 

E = S(l- PJP), 


(5a) 

(56) 


Thus E corresponds to the actual speed of exhaust at any instant. At 
the beginning of the exhaust, P is very large compared to Pa, and hence 
the value of E is practically identical with that of S. However, as the 
value of P approaches that of P^, E decreases and finally becomes equal 
to zero for P = P^. Thus a plot of log P versus t will be linear at the 
beginning with a slope given by equation 3. But, as P approaches 
Pa, the plot will become more and more convex towards the axis of time 
and will finally become horizontal. 

The speed of exhaust observed for any system depends not only on Sp, 
the intrinsic speed of the pump, and on the value of P„ but also on the 
resistance to flow of gases of the connecting tubes, etc., between the 
pump and the volume that is being exhausted. 

Let F denote the conductance of these connections, let us assume that 
P, = 0, and let P and Pp denote the simultaneous values, at any instant, 
of the pressure in the volume C and at the opening to the pump, respec- 
tively. Then, Q, the rate of flow of gas at any instant, expressed, for 
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example, in micron • liters per second or millimeters • cubic feet per 
minute, is given by the relation 

Q = F(P - Pp) = SpPp = SP, 

where S is the actually observed speed of pumping. 

That is: P = QfS] Pp = Q/Sp; P — Pp = Q/F; and, therefore. 


1 

S 



(6a) 


This is one of the most important relations in vacuum technique. It 
signifies that \/S and l/Sp are to be regarded as * ^resistances,” in the 
same sense as 1/F, The last equation may also be expressed in the 
following forms: 


S = Sp 

( ^ V 

(66) 

Vl + Sp/F/ 

II 

' ^ Y 

(6c) 

,1 - s/fJ 


' ^ Y 

(6d) 

^1 + F/ SpJ 


Thus S is always smaller than and the value of the ratio S/Sp 
actually obtained depends on that of F/Sp, More generally, let 
F/Sp = n. Then 


S ^ ' n 
Sp n + 1 


(7a) 


and 


F 

S 


= 71+1. 


(76) 


The application of these relations is illustrated by the data in Table 1, 
in which n is assigned a series of increasing values. 


TABLE 1 

Ratio between Actual Speed op Exhaust and Intrinsic Speed op 
Pump as a Function op Conductance of Connections 


n = F/Sp 

S/Sp 

S/F 

0.1 

0.091 

0.909 

1.0 

.600 

.6 

5.0 

.833 

.167 


That is, as the value of F is increased, the value of S approaches, more 
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and more, that of Sp. In order to utilize to the greatest extent the speed 
available from a given pump^ the connections between the pump and the 
rest of the system should be made as large as practicable, 

B. B. Dayton, of the Distillation Products, Inc., has drawn the 
writer's attention to the fact that, for large values of the ratio F/Sp 
(5 or higher), equation 6a yields values of S/Sp which are too low. The 
reason for this is stated by him to be the following: 

When the speed Sp of a diffusion pump has been measured by allowing air to 
diffuse into the mouth of the pump from all directions in a test dome whose diameter 
is considerably greater than that of the pump mouth, and when this speed is more 
than 10 per cent of the theoretical admittance of the mouth (11.67 liters • sec""^ ‘cm^^), 
then the measured value of Sp includes an ‘^end corrections^ similar to that applying 
to short tubes. Therefore, when a pump is joined to a short tube of about the same 
diameter, the net speed (S) will not be given correctly by formula 6a since the end 
correction is then included twice. 


The procedure for calculating an approximate value of S, recom- 
mended by Dayton, is as follows: 

We shall assume that the mouth of the pump, of radius a (centimeters), 
is joined to the volume to be exhausted by a short length (1) of tubing 
of the same radius. Using the relation 

Sp = 36MKa^, 

where K is Clausing’s factor/ it is now possible, from the data in Table 
2.3 or from the plot of X as a function of l/a in Fig. 2.2, to determine 
a length Ip equivalent in speed to that of the pump. 

Now, let us assume further that the net speed desired for the added 
tubing and pump is fSp (where / is less than 1). Hence we can now 
use the relation 

fSp = 36.66Ka^ 


to determine the equivalent length le of the pump and tubing. The 
length of tubing to be used as a connection is then given hy I = 1, — Ip. 

For example, given a pump for which Sp = 275 liters • sec~^ and 
a = 5 cm, it follows that 


K = 


275 

36.66 X 25 


0.30. 


From the plot in Fig. 2.2, the corresponding value of Ip/a is found to 
be 5.5 and hence Ip * 27.5 cm. For / = 0.8, 


K 


220 

36.66 X 25 


0.24, 


* See Qiaptier 2, eection 2. 
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and the corresponding value of le = 37.5. Hence, the value of Z = 10 
cm, approximately. This is the length of tubing of radius 6 cm to be 
used as connection between the pump and the volume to be exhausted 
in order that the net speed of the system shall not be less than 80 per cent 
of the intrinsic speed of the pump. 

In general, vacuum pumps serve one of two purposes. The first is 
that of producing as high a vacuum as possible in a device that will be 
sealed off the pump once this condition is secured. The second purpose 
is that of continuously maintaining an extremely low pressure in a 
system. 

Since devices such as X-ray tubes and vacuum tubes in general are 
to be sealed off the pump, the most important requisite of the pump is 
that it shall produce such a low pressure that traces of residual gases 
do not affect the electrical characteristics of the device. These devices 
are connected to the pump through constrictions, liquid-air traps, stop- 
cocks, and so forth. Under these conditions, the resultant conductance 
of the connections may vary from 100 cm^ • sec'“^ to 1000 cm^ • sec"”^. 
Since the value of Sp for most vapor-stream pumps is at least equal 
to or greater than 1000 cm^ • sec~\ the speed of exhaust is limited 
to a large extent by the resistance of the connections, as shown by the 
above equations; consequently, increasing the value of Sp is of no 
particular advantage. 

On the other hand, in the electron microscope, in the electron diffrac- 
tion camera, and in distillation operations, where it is important to main- 
tain as low a pressure as possible against low rates of leak, it is necessary 
that F be very much greater than Sp and also that Sp be sufficiently 
large to take care of the rate at which gas may leak into the system from 
outside, or of the rate at which gas may be evolved in the system itself. 

As illustrations of the application of these remarks we shall consider 
two cases. 

Case I. A certain device is connected to a pump through a tube 
(Z = 25, a = 0.5) in series with a wide-bore stopcock (Z == 3.2, a = 0.51). 
According to Tables 2.6 and 2.7 the values of \/F for each of these parts 
(for air at 25° C) are 2.044 • 10”“^ and 3.817 • 10”"^ (cm""^ • sec), respec- 
tively. The device is sealed on by means of a constriction (Z = 16, 
a = 0.3), for which 1/F = 5.679 * 10“^. Therefore the total resistance 
is 8.105 • 10“^ corresponding to Fq = 123.4 cm^ • sec"“^. 

Since Sp is, in general, much greater than this value of F, we can use 
equations 7 to investigate the effect of varying Sp, Let us assume that 
we have two pumps available, for one of which Sp - Spa — 2/^o, and 
for the other, Spb = IOFq. For pump A, S/F^ = for pump JB, 
/S/Fo = ’9^l. That is, increasing the speed of the pump fivefold has 
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increased the effective speed of exhaust from 0.667Fo to 0.909Fo, or only 
about 36 per cent. Even if we used a pump having an extremely high 
value of Sp, it would not be possible to increase the effective speed 
beyond that of Fq. 

Case n. Assuming that we have available a pump for which the 
value of Sp is known, the minimum value of F may be determined, by 
means of equation 6, for which S will be equal to or exceed a given 
value Sq. We shall designate this value by Fo, where 



Let us assume Sp = 200 liters • 8ec~^, and So = 100 liters • sec~^. 
Then Fo must be equal to or greater than 200 liters • sec“*. For air at 
25° C, flowing through a tube, 

Fo - liters • sec“^, 

where K is given by Table 2.3. Hence, 


a^K = 


200 

36.66 


5.456. 


It will be found that the following combinations of I and a will satisfy 
this condition: 


a 

K 

Ija 

1 

5 cm 

0.218 

9.0 

45 cm 

4 

.341 

4.4 

17.6 

3 

.606 

1.35 

4.05 


Cases often occur in which gas is evolved from the walls or other 
parts of the system at such a rate that the lower limit of pressure which 
the pump can produce is not attained. This may also occur if the rate 
of leakage of gas into the system, through seals or joints, has an appre- 
ciable value. 

Let Q denote, as before, the rate at which gas is evolved or leaks into 
the system. A stationary condition is then attained at which the rate 
of gas evolution is equal to that at which this gas is removed by the 
pump. Let So denote the conductance of pump and connecting tube. 
At the stationary state, the pressure P, is given by the relation 

Q = SoP,. ( 8 ) 

Thus, the value of Q may be determined from a knowledge of So 
together with an observation on the value of P,. For instance, Lang- 
niuir gives the following illustration:* 

‘ Gen. Blec. See., 19, 1060 (1916). 
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Measurements of pressure by various forms of supersensitive vacuum gauges have 
shown that the rate of evolution of water vapor from glass surfaces at room temper- 
ature is such that pressures below 0.2 microbar could not be attained even when 
using a molecular pump {Sp =» 870 cm^ • sec"'^) continuously for an hour. In this 
case we can calculate by equation 8 that Q must have been 170 microbar • cm* per 
second. This corresponds to 0.00017 cm* • sec“*^^of gas at atmospheric pressure, or 
0.62 cm* of water vapor per hour. In this case the surface of glass was about 1800 
cm*. 


3. DESIGN OF HIGH-VACUUM SYSTEM* 


The considerations discussed in the previous section are directly 
applicable to the problem of designing a high-vacuum exhaust system. 

Such a system consists, in general, of the following components: 

1. The device, of volume C (liters), to be exhausted and maintained 
at a pressure Pq (mm). 

2. Connections of conductance Fi (liter • scc”^) to a ^Vapor^^ pump. 

3. A vapor pump which has the speed Sp at the pressure Pq and is 
capable of operating against a backing pressure as high as P/ (mm). 

4. Connections of conductance P 2 (liter • sec“^) between the vapor 
pump and the fore pump. 

5. A fore pump, capable of operating at a reasonable speed, S/ (liter • 
sec~^), at the pressure P/. 

Let us assume that gas is leaking into the system at a rate of 
Q (mm • liter • sec“"^). Hence, 


Q = S/Po, 


where Sp' is the speed actually obtained, and 


Therefore, 



J- + 1. 


- Po(f; -C/Po) 



( 1 ) 

( 2 ) 

(3o) 

(3b) 


*The writer wishes to acknowledge hip indebtedness to a publication, by the 
same title, by Dr. C. M. Van Atta, which is issued by Kinney Manufacturing Com- 
pany, Boston, Mass. The reader should also consult the very interesting paper, 
'‘Vacuum Pumping Equipment and Systems,” by H. M. Sullivan, Rev. Sci. Instnir 
mentSf 19, 1 (1948), for a description of the different types of pumps which are avail- 
able today, and which are discussed in this chapter and also Chapters 4 and 5. 
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where /i is a value greater than unity and corresponds to the value of 
Sp/S in Table 1. 

For the fore pump we obtain, in a similar manner, the relations 


where 




/2 = 


F2 - Q/Pf 


(4) 

(5) 


Since Q/P/ is much less than Q/Po, P 2 niay be made considerably 
smaller than Pi. Like/i, the factor /2 is greater than unity. 

In order to take care of possible contingenc'ies it is advisable to choose 
values of Sp and S/ which will compensate adequately for even larger 
values of/i and/2 than those calculated by means of equations 3 and 5. 

As an illustration of the application of these relations, let us consider 
the following case: 

Q = mm • liter • sec ^ (1 micron • liter • sec ^), 

Po = 10~* mm, and P/ = 10“^ mm. 


Then 

10 ~® 

Sp = fi- = lOO/i liter • sec *, 
10 ~® 

5/ = /z • = 0.1/2 liter • sec ^ 


Let us assume the values /i = /z = 5. Then, the pumps chosen 
should have the values Sp = 500 liter • sec“^ and S/ = 0.5 liter • sec~^. 

These are, however, not the only considerations that have to be taken 
into account. We must also consider the period required to pump the 
system from 760 to P/ = 10~^ mm. This is given by the relation 


t = 


2.303(7 , 760 


( 6 ) 


where 8/ now denotes the average value of the speed over the range of 
pressures. 

Assuming C = 100 liters, and the values for /a, Sf, and P/ given above, 
we obtain the result 


230.3 X 4.88 

0.6 


* 2830 


sec 


47.2 min. 
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If this is too long an interval, we should choose a larger value of S/ 
than 0.5 liter/sec. Obviously these conclusions indicate lower limits for 
the values of Sp and 5/, and the actual choice of pumps will have to be 
governed to a large extent by the sizes available from the manufacturer. 

Equation 6 assumes that it is possible to assign an average value of >S/ 
over the whole range of pressures. If this value varies greatly with 
pressure, then equation 6 must be replaced by a series of the form: 


t = 2.303C 


1 . 760 ^ 1 , P, 

- log — + — log — + log — 

Oi I'l 02 ^2 


(7) 


where *Si is the speed of exhaust for the small range 760 to Pi, S 2 is the 
speed for the range Pi to P 2 , and so forth. This relation is, in effect, 
analogous to that given previously for the speed of exhaust through a 
capillary tube. 

For the period of exhaust by the vapor pump, we have, in the above 
case, the relation 



2.30C , P 
-^log — 

2.30 X 100 X 3 
500 


1 .38 sec. 


Thus the rate of exhaust of the system is governed to a very large 
extent by the speed of the fore pump, rate of leak, and capacity of the 
system. 

In connection with this topic it is also of interest to make some remarks 
about the rating of mechanical pumps. A figure frequently mentioned 
in manufacturers’ descriptions is the free air displacement y designated by 
D. By this is meant the volume of air that the pump passes per unit 
time, at atmospheric pressure. Now, if we let Si denote the speed at 
1 micron (in the same units of volume and time as P), then r = S\/D 
has been designated the ^^merit factor” of the pump.^ It is evident that, 
the larger the value of r, the greater the pumping speed in the range of 
1 micron, for a given value of D, 


4. EARLIER TYPES OF MECHANICAL PUMPS 

The early forms of exhaust pumps were of the piston type. Since 
they have been superseded in modem practice, and since they are 

^ Suggested in Cenco News ChatSy February, 1937. 
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described in many elementary textbooks,® 
no detailed description of them need be 
made here. 

The use of a water-jet suction pump is 
a familiar practice in laboratory work, 
especially in filtering operations. The 
Sprengel mercury pump operates on the 
same principle, and G. W. A. Kahlbaum 
described a modification capable of ex- 
hausting to 0.003 micron.® 

1. Geissler-Toepler Pump.^® The prin- 
ciple of this pump is fundamentally the 
same as that applied by Torricelli in his 
famous experiment. In this type (Fig. 1) 
mercury forces the piston and also opens 
and closes certain ports, so that no valves 
are needed except one rough glass valve 
(G) to prevent the mercury from entering 
the vessel E which is being exhausted. 
The essential parts of the pump are 
made of glass, and the air from E is 
exhausted by alternately raising and low- 
ering the mercury reservoir R which is 
connected to the tube of barometric 
length below B, At each upward ^‘stroke, 
the 'gas in B is closed from E and 
forced through the tube F into the atmos- 
phere at M, Then, on the downward 
stroke, the pressure in E is lowered by 
expansion of the gas into B. E. Bessel- 



«Soine of these pumps are the follow- pj^ j Toeplerpump. 
ing: (1) Geryk Vacuum Pump, see E. H. 

Barton, An Introdwtion to the Mechanics of Fluids, p. 197, Longmans, Green & Com- 
pany, 1916; see also Encyclopcedia Britannica, 14th edition, Vol. 22, p. 126. (2) 

Gaede's Piston Pump, E. H. Barton, loc, cit, p. 188, W. Gaede, Physik. Z., 14, 1238 
(1913). A description of early types of mechanical pumps and of the Gaede and 
Siegbahn types, described in section 6, is given by R. Neumann, Electronic Engi- 
neering, Vol. 20, January and February, 1948. These articles also include a compre- 
hensive bibliography. 

® See older treatises on physics. Kahlbaum^s pump is described in Wied. Ann., 
63, 199 (1894), also in Ann, Physik, 10, 623 (1903). 

E. H. Barton, loc» cU., from whose book Fig. 1 is taken. See also Encyclopcsdia 
Britannica, 14th e^tion, Vol. 22, p. 926. 
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Hagen^^ has described a modified form of Toepler pump with 
which he claims to have obtained pressures of residual gas as low as 0.012 
micron.^^ Both the Sprengel and Toepler pumps have rendered very 
useful service in high-vacuum investigations, and there is no doubt that 
with care it is possible by their use to obtain pressures as low as 0.02 
to 0.01 micron. 

The great disadvantages of these pumps are, however, twofold. First, 
they require constant personal attention during the exhaust, and second, 
the speed of exhaust is extremely slow, since it depends upon the rate at 
which the mercury can be raised and lowered alternately. It is of in- 
terest to note in this connection the results obtained by Scheel and 
Heuse^^ in their investigation of the degree of vacuum attainable with 
different types of pump. They used a 6-liter bulb and measured the 
speed of exhaust by means of a very sensitive McLeod gauge. In the 
experiments with a Toepler pump, each stroke actually required 2 
minutes, and 2 more minutes were allowed between strokes for equaliza- 
tion of pressure. Table 2 shows the pressures at the end of different 
intervals of time. 

The last column gives the ‘‘speed of exhaust^^ as calculated by equa- 
tion 2.5a. Compared with the speed of even 100 cm^/sec obtained by a 
Gaede rotary mercury or an ordinary oil pump, the speeds in Table 2 are 
manifestly very low. Considering, furthermore, that, in the case where 
gas is continually evolved from the walls, the minimum attainable pres- 
sure is given by the ratio aS/Q, where Q denotes the rate of gas evolution, 
it is seen that in actual practice it w’ould be very difficult to obtain pres- 
sures below about 0.01 micron by means of a Toepler pump. 

Similar results were obtained by Scheel and Heuse in investigating the 
rate of exhaust of a 6-liter bulb by means of a Sprengel pump (improved 
by L. Zehnder^'*). 

2. Gaede Rotary Mercury Pumjp. Obviously the process of ex- 
hausting even a relatively small volume by means of a Toepler pump is 
an extremely tedious operation. The invention by Kaufmann^® of a 
rotary mercury pump in 1905 was therefore a welcome development in 
this field. However, it was very soon superseded by a rotary mercury 
pump, designed by W. Gaede^® at about the same time, which was used 

Wied. Ann., 12, 425 (1881). 

1^ Other forms of Toepler pump are described by A. Stock, Ber. deui. chem, Oes., 
38, 2182 (1905), and E. Grimsehl, Physik. Z., 8, 762 (1907). 

1® Z. Instrumentenk., 29, 47 (1909). 

1^ Ann. Physik, 10, 623 (1903). 

1® Encyclopaedia Britannica, 14th edition, Vol. 22, p. 927. 

1® Verhandl. deut, physik. Ges., 7, 287 (1905); Physik. Z., 8, 758 (1905). Ency- 
clopcedia Britannica, 14th edition, Vol. 22, p. 930. 
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TABLE 2 

Speed of Exhaust with Toepler Pump 


t 

(min) 


60^ ^P2 

Emm 

0 

0.0645 

i 0.40 

' .38 

2 

.0399 1 ^ 

24 

.0254 j 

48 

.0107 1 

^ .35 

60 

.00709 1 

108 

.00141 1 

[ .35 

120 

,00093 I 

180 

.00024 I 

[ .39 

192 

.00015 1 

240 

.000053 1 

i .28 

252 

.000038 1 

264 

.000032 1 

[ .06 

300 

.000025 J 


extensively for a long time in the commercial exhaust of incandescent 
lamps and of Roentgen tubes. The pump consists of an iron casing 
(with glass front) partially filled with mercury, in which a porcelain 
drum is made to rotate. A rough 'pump producing a vacuum of 10 to 20 
mm is used as fore pump. Figure 2 shows a vertical section of the pump, 
and Fig. 3 a front view. The iron case is shown at g, and g' is a heavy 
glass plate through which pass the tubes R and r which connect to the 
vessel to be exhausted and to the fore pump, respectively. The porcelain 
drum t is built up of two (or more) sections as shown in Fig. 2 and rotates 
on the axis a. As the drum rotates in the direction of the arrow (see 
Fig. 3), the compartment IFi is at first increased in volume and thus 
sucks in the gas at the opening /i, from the vessel to be exhausted. 
During the second part of the revolution, the opening /i becomes covered 
with mercury, as shown at / 2 , and the gas is then forced out under pres- 
sure from the compartment W 2 into the space between the walls Zi and 
ti and into the rough pump connection at r. 

The speed of exhaust observed with a volume of 6250 cm^ varied from 
about 95 cm^ • sec“"^ at = 30 to about 7 cm^ • sec“^ at P^ = 0.07. 

3. Gaede Rotary Oil Piunp.^^ Figure 4 shows the construction of 
a pump of this type designed by Gaede primarily for the purpose of 
functioning as a fore pump to the rotary mercury pump just described. 
The pump consists of a steel cylinder A which rotates eccentrically 
inside a steel casing G. The projections at s are held tightly against the 

Encydopasdia BrUannicay 14th edition, Vol. 22, p. 029. Also see G. Meyer, 
Verhandl. detU. physik. G««., 10, 753 (1907). 
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inner wall by means of springs, so that as the cylinder rotates the air is 
sucked in at C and forced out through the valve D into the oil chamber 0 
and from there into the atmosphere at J. The oil serves as an auto- 
matic lubricant and also helps to prevent air from leaking back into the 
fine-pump side by forming a film between the rotating and stationary 
members. 



Fig. 4. Gaede rotary oil pump. Front view. 

With a ^^rough’’ vacuum of about 10 mm mercury, such a pump 
could reduce the pressure to about 1 micron, with a speed of exhaust of 
100-150 cm^ • sec“^ 

6. COMMERCIAL TYPES OF ROTARY OIL PUMPS 

At the present time rotary oil pumps are available in considerable 
variety. In the following discussion are described briefly some of the 
types produced by the more important manufacturing organizations in 
the United States which have been found to be satisfactory for use in 
high-vacuum technique, both with and without the addition of vapor 
pumps. 

Cenco High-Vacuum Pumps. (Central Scientific Company, Chicago, 
111.) Figure 5 is an iUustration of the/‘Cenco Hypervac 20'^ equipped 
with motor drive. 
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A diagram of the mode of operation is shown in Fig. 6. Essentially, 
it is a two-stage oil-seal mechanical pump, in which the second stage 
(shown at the left) acts as a backing pump for the first stage. During 
the initial period of exhaust, when the pressure in C exceeds atmospheric, 
the valve F opens until the pressure is reduced below atmospheric. 
With pumps of this type it is possible to obtain vacua of the order of 



Fig. 6. Cenco Hypervac pump, type 20. 


0.1 micron at speeds varying (according to capacity and speed of rotor) 
from 1.5 to 10 liters/sec at 1 micron. 

Table 3 gives characteristic data (taken from a more detailed tabula- 
tion in the catalogue) for the different types of pumps made by the same 
company. Si designates the speed at 1 micron. 

Figure 7 shows plots of log S versus log Py, for these different types. 

Kinney Pumps. (Kinney Manufacturing Company, Boston, Mass.) 
The operating mechanism of this pump is shown in Figs. 8 and 9. In 
Fig. 8, the plunger is shown in a position in which gas is being removed 
from the system; in Fig. 9 the plunger is shown in the position for 
expulsion of gas. The model CVD (compound high vacuum) is illus- 
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Fig. 6. Schematic diagram of working principle of Cenco Hypervac pumps. 
/, intake; E, E\ exhaust; D, Z)', exhaust valve; C, interstage; F, interstage 
exhaust valve; F, V\ vane; S, S/ vane spring; L, vane lever; R, rotor; A, A', stator; 
A, A', intake chamber; R, R', exhaust chamber; R, exhaust port; K\ contact 
line of vane with rotor; 6r, G\ contact line of rotor with stator; T, connecting tube. 


TABLE 3 

Characteristic Data for Cenco Pumps 




Megavac 

Hypervac 

Type 

Guaranteed 

Hyvac 

A 

B 

20 

100 

vacuum (R^) 

0.3 

0.1 

0.1 

0.1 

0.1 

D (cm® • sec~^) 

170 

610 

940 

3300 

16,000 

D (liter • min“^) 

10 

31 

67 

198 

960 

S\ (cm® • seC”^) 

79 

210 

376 

1390 

11,600 

lOOr 

46 

41 

40 

42 

72 


trated in Fig. 10. With this pump, pressures as low as 0.2 to 0.1 micron 
can be obtained. 

Figure 11 shows plots of speed (in cu ft*min“^)^® versus log P. 

** 1 cu ft/min * 471.95 cm*/sec 
» 28.32 liters/min. 

1 liter/seo « 2.119 cu ft/min. 
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Values of the displacement, D (cu ft/min) are 15.2 and 46.0 for CVD556 
and CVD8G10, respectively. Hence the value of r, the figure of merit, 
is about 50 per cent for each of these pumps. 

Stokes Microvac Pumps. (F. J. Stokes Machine Company, Phila- 
delphia, Pa.) Figure 12 shows a cross section of this type of rotary 
oil pump, and the external appearance of model 212E-8 is shown in 
Fig. 13, which also shows the oil clarifier at the left. The value of Z) for 
this model is given as 115 cu ft/min, and Fig. 14 shows the variation 



Fig. 7. Log-log plots of speed versus pressure for Cenco pumps. 


with pressure in the value of r for one of the most recent models. Thus, 
at 10 microns the speed is 57.5 cu ft • min"~^ or 27.14 liters * sec""^. 

As indicated in the last figure, the minimum pressure claimed for the 
pump is about 2.5 microns. 

Welch Duo-Seal Pumps. (W. M. Welch Scientific Company, 
Chicago, 111.) A diagrammatic sketch of the method of operation of 
this design is shown in Fig. 15. The rotor is mounted eccentrically with 
reference to the stator and is provided with two metal vanes which move 
in and out of their slots as the rotor revolves and which press constantly 
against the inner wall. Thus a crescent-shaped air space is swept out 
twice during each revolution. The inlet and outlet ports are sealed 
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Fig. 10. External appearance of Kinney rotary oil pump. 



Pio. 11. S^-log plots of speed versus pressure for two siaes of Kinney pump. 
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Fig. 14. Semi-log plot of exhaust efficiency versus pressure 
for Stokes Micro vac pump. 

from each other by a thin film of oil. Figure 16 shows the outer appear- 
ance of the two-stage pump (Catalogue No. 1405), and Fig. 17 shows a 



Fig. 16. Diagrammatic sketch of principle of operation of Welch Duo-seal pump. 

plot of log S versus log Pmm for this pump with which it is possible to 
obtain a pressure of about 0.05 micron. 

The value of D (liters per minute) for this pump is given in the cat- 
alogue as 33.4. 



Liters per minute 
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Pressure in millimeters of mercury • 

Fig. 17. Log-log plot of speed versus pressure for Welch pump. 
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6. MOLECULAR PUMPS 

The Gaede molecular pump undoubtedly marked a distinct advance 
in the design of pumps for the production of high vacua. The difference 
between this pump and the types previously constructed has been well 
described by Gaede himself in the paper which he published in 1913.’® 

All high-vacuum pumps known up to the present consist of an exhaust arrange- 
ment which, according to the original idea of Otto von Guericke, separates a definite 
volume of gas from the vessel to be exhausted, and then gives it up to a fore vacuum 
or the atmosphere. It is absolutely essential in these pumps to separate the rough 
side from the higher vacuum side as much as possible. This is accomplished in the 
mechanical pumps by tight-fitting pistons and valves, and in the case of mercury 
and oil pumps by means of the liquids themselves. On the other hand, in the case 
of the molecular pump there is no separation, whether piston or fluid, between the 
high vacuum and fore vacuum. 

The gas is dragged along from the vessel to be exhausted into the 
fore vacuum by means of a cylinder rotating with high velocity inside a 
hermetically sealed casing. The pump thus represents a logical develop- 
ment and application of the laws of flow of gases at very low pressures as 
investigated by Knudsen, Smoluchowski, and Gaede himself. 

The fundamental principle of the pump may be illustrated by means of 
Fig. 18. The cylinder A rotates on an axis a (in the direction of the 
arrow) inside the air-tight stator B, and drags the gas from the opening n 
towards the opening m, so that a pressure difference is built up in the 
manometer M, as shown by the mercury levels at o and p. Between m 
and n there is a slot in the case B as shown in the diagram, while at every 
other point A and B are very close together. Now, at ordinary pres- 
sures the viscosity is independent of the pressure. Under these condi- 
tions, as Gaede shows, the difference in pressure at o and p depends 
only on the speed of rotations of the cylinder, the coefficient of viscosity 
of the gas ly, the length of the slot Z, and h, the depth measured radially, 
according to the following relation: 



where Pi is the pressure on the high side. 

Gaede, '‘The Molecular Air Pump,” Ann, Physiky 41 , 337-380 (1913). 
This paper contains a complete discussion of the theory and construction of the 
pump. Briefer descriptions may also be found in the following: W. Gaede, Physik. 
Z,, 18 , 864-870 (1912), and VerhandL deut. physik, Ge«., 14 , 775-787 (1912); K. 
Goes, PhyHk, Z,, 18 , 1105 (1912), and 14 , 170-172 (1913); Electrician (London), 
70 , 48-50 (1912); K. Jellinek, Lehrbueh d, phyeikal, Chemie, I, 1, pp, 330-333, 1914; 
M. L. Dunoyer, Lee idiea modernee sur la constitution de la matikre, pp. 215-271, 1913. 
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At low pressures y however, the number of collisions between gas mole- 
cules becomes relatively small compared with the number of collisions 
between the gas molecules and the walls. Under these conditions the 
molecules therefore tend to take up the same^ direction of motion as the 
surface against which they strike, if that surface is in motion. This 
conclusion is based upon the investigations of Knudsen on the laws of 



Fig. 18. Diagram illustrating principle of operation of Gaede molecular 

pump. 

molecular flow, which have been discussed in Chapter 2. The relation 
previously deduced is therefore found to be no longer applicable, and, 
instead of the pressure difference remaining constant at constant speed 
of rotation, the pressure ratio is now constant and independent of the 
pressure in the fore vacuum. Gaede shows that, at very low pressures, 



where 6 is a constant whose value depends upon the nature of the gas 
and the dimensions of the slot in the casing B of the pump, so that, at 
constant speed of rotation Uy the ratio between the pressures on the 
two sides of the pump is constant. 

The construction of the actual pump based on these principles is illus- 
trated in Figs. 19 and 20. The rotating cylinder A has twelve parallel 
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slots around the circumference, into which project the extensions C from 
the outer casing. If A rotates clockwise, the pressure at m is greater 
than that at n, and, in order to increase this pressure, different sections 
are connected in series. The distance between the outer edge of the 
cylinder A and the inside of the shell B is about 0.01 cm. The overall 



Fig. 19. Construction of Fig. 20. Construction of Gaede molecular 

Gaede molecular pump. pump. Side view. 

Front view. 


radius of A is 5 cm, and the depth of the slots varies from 0.15 cm in the 
outer section to 0.6 cm in the inner ones. With the cylinder rotating 
clockwise as indicated, the vessel to be exhausted is connected at 5, 
while the opening T is connected to an ordinary mercury or oil pump 
capable of exhausting to a pressure of less than 0.05 mm Hg. Since 
the speed of rotation of the cylinder is very high (about 8000 rpm) oil 
cups are provided at JP, and the shaft N is so designed that the oil in the 
spiral slot is driven outward by the centrifugal action. The slots in 
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the rotor are so arranged that the lowest pressure is in the center, and 
the pressure increases uniformly outward until the ends, where it is 
equal to that produced by the rough pump, into which the outlet T 
exhausts. ^ 

The effect of variation in the speed of rotation and in the fore-pump 
pressure on the degree of vacuum produced by the molecular pump is 
shown in Table 4. 


TABLE 4 

Effect of Speed of Rotation on Degree of Vacuum Obtained with 
Gaede Molecular Pump 


Speed of 

Rough-Pump 

Pressure on 

Rotation 

Pressure 

Fine Side 

(rpm) 

P 

^ mm 

Pmm 

12,000 

0.05 

0.0000003 

12,000 

1 

0.000005 

12,000 

10 

0.00003 

12,000 

20 

0.0003 

6,000 

0.05 

0.00002 

2,500 

0.05 

0.0003 

8,200 

0.1 

Not measurable 

8,200 

1 

0.00002 

8,200 

10 

0.0005 

6,200 

0.1 

0.00001 

6,200 

1.0 

0.00005 

4,000 

1.1 

0.00003 

4,000 

1 

0.0003 


The pressures on the fine side were measured with an extremely sensi- 
tive McLeod gauge, except that the first result given in the table was 
estimated. The writer’s own experiments*® with the Gaede molecular 
pump at 8000 rpm showed that with a rough-pump pressure of 20 mm the 
fine-side pressure was 0.0004 mm, so that the ratio of the pressures was 
50,000 — a result in accord with figures given by Gaede. 

The speed of the pump as defined by equation 2.1 was found by 
Gaede to vary with the magnitude of the rough-pump pressure. The 
curve A in Fig. 21 shows that the maximum speed was about 1400 
cm®/sec with a fore vacuum of 0.01 mm. For comparison, curve B also 
shows the speed characteristic for the Gaede rotary mercury pump, 
which had a speed of about 130 cm*/sec at the maximum. 

A modified form of the molecular pump, designed by F. Holweck,*^ 

S. Dushman, Phys. Rev., 6, 224 (1915). 

** Compt. rend., 177, 43 (1923). See also LD, pp. 36-38 (from which Fig. 22 is 
taken), and Encyclopcedia Britannica, 14th edition, Vol. 22, p. 931, 
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is illustrated in Fig. 22. The details of the design are given in the title 
of the figure. With a given fore-vacuum pressure (Pi) and given speed 
of revolution, the fine-vacuum pressure (P 2 ) depends upon the clearance 
between the rotating cylinder and the casing. With a clearance of 
0.025 mm (1 mil) and a pressure Pi ranging from 0.01 to 70 mm., the 
ratio P 1 /P 2 obtained was about 7 • 10^. With a clearance twice as 
great, the maximum value of P 1 /P 2 for the range 0.01 to 20 mm was 
about 2 • 10^. 



( 

Fig. 21. Plot (curve A) showing effect on speed of molecular pump of variation 
in fore-pump pressure. Curve B shows speed characteristic of rotary Gaede 

mercury pump. 


S. vc«i Frie^n^^ has described a single-disk molecular pump devised 
by S. Siegb^n, about 1927, for use with X-ray spectrometers. The 
following description of the construction is quoted from von Friesen's 
publication. 

Figure 23 shows a schematic section through an early pump. A circular steel 
disk (1) rotates inside a metal container consisting of the two shields (3). The 
clearance between the sides of the disk and the shields is a few hundredths of a 
millimejber. Spiral grooves have been cut in the shields, deep at the periphery and 
gradually decreasing in depth towards the center. At the outer end the cross section 

** Rev, Sci, Inetnmenta, 11, 362 (1940). Also a description of the most recent 
design has been published by M. Siegbahn in Archives for Mathematics, Astronomy 
and Physics {Royal Swedish Academy), Vol. 30 B, No. 2 (1943). 
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is square and about 10 X 10 mm. Near the axis it is only about 10 X 1 mm. The 
disk rotates at 4000-10,000 rpm. It is mounted on ball bearings. With specially 
selected bearings it has been found possible to increase the speed of rotation to more 
than 20,000 rpm. A rubber gasket provides the vacuum-tight joint between the 
shields on the high- vacuum side, i.e., at the periphery. There are paper gaskets on 



Fig. 22. Construction of Hoi week molecular pump. A, low-pressure end of 
pump; i5, high-pressure end leading to fore pump; C, pump body, of bronze; Z), 
drum of Duralumin; axle; F, F, ball bearings; (7, Gy spiral channels, left- and 
right-handed, decreasing in depth; /Z, rotor of the driving motor; /, stator of motor; 
Jy field coils of stator; Ky gas-tight hood, of Constantan, enclosing the rotor in the 
fore vacuum; L, opening of intake tube; M, My ends of the grooves; AT, W, other 
ends of the grooves coming out into the spaces 0, joined to the fore vacuum through 
the channels P; Q, Q, seating of wire gauze cage. The distance between the drum 
and the pump body and the depth of the N ends of the grooves are exaggerated. 

the low-vacuum side. A long journal bearing for the shaft (6) provides means of 
connection between the pulley (7) and the shaft (2) of the disk with the maintenance 
of a fore vacuum inside. There is a flexible coupling (5) between (6) and (2). At 
the periphery, a conical ground joint (4) provides the connection to the apparatus 
which is to be evacuated. There is also a needle valve (9). The sense of rotation 
is such that molecules which strike the disk acquire a velocity component down the 
spiral groove towards the axis. There they are pumped out through the channels 
(8) by means of a fore pump. All bearings are situated in the region of fore vacuum, 
which permits the use of ordinary lubricants. 
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Figure 24 shows the construction of a larger pump. There are three 
spiral grooves (I, II, III) in each shield, instead of one, each of them 
starting at the periphery and ending near the center. The pump may 
thus be described as three separate pumps connected in parallel inside 
a common case. The individual grooves have been made wider and 
deeper. The width is 22 mm. The depth varies between 22 and 1 mm. 



Fig. 23. Schematic diagram of a molecular pump of the ordinary Siegbahn type. 

Diameter of disk 22 cm. 


The high-vacuum ends are joined by means of the pieces (4) to wide 
metal tubes (9) which have a common outlet (10). This outlet has 
been provided with a flange for the use of a rubber gasket seal between 
the pump and the apparatus to be evacuated. A new feature in this de- 
sign is the use of ball bearings to support the pulley (7) and the addi- 
tion of another flexible coupling (5) at the outer end of the axis. 

It is stated that the pump will operate even against a pressure of 
several millimeters, and the pumping speed at 3700 rpm is 73 liters/sec 
at KT® mm. “The highest vacuum obtained is 6 • 10"^ mm, as 
measured by means of an ionization gauge. No refrigerant or drying 
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agent was used” This lower limit is apparently set by the vapor 
pressure of Apiezon grease, which according to G. SeydeP^ is about 
6 • 10"“^ mm. 



Fig. 24. Schematic diagram of a Sicgbahn molecular pump with high pumping 
speed. Diameter of disk 64 cm. 

The advantage of these pumps over diffusion piynps [according to von Friesen] 
is three-fold. In the first place, the time required to get them into operation is less 
than that required for other pumps. In the second place, they pump all kinds of 
gases and vapors which means that no liquid-air traps or similar devices are required}^ 
This, in turn, means that the full speed of the pump cap be utilized at all times. 
Thirdly, molecular pumps have the property of pumping heavy gases faster than light 
ones^^ in contrast to the diffusion pumps which behave in the opposite way. This 
fact constitutes a very important advantage in cyclotron work where it is essential 

tech. Physik, 16, 107 (1936). 

Italicized by the writer. 
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to maintain a certain pressure of deuterium (or helium, or hydrogen) in the tank with 
the amount of impurities not exceeding a certain upper limit. 

According to S. Eklund,^® the fine-pump pressure (P) obtainable 
with a pump of the Siegbahn design is expressed as a function of the 
fore-pump pressure (p) by the empirical relation 

P = Po + cp, 

where Po is the limiting pressure and c is a pressure-ratio constant the 
value of which is of the order of 10"^ (for P and p in millimeters of 
mercury). Furthermore the speed of exhaust increases linearly with 
speed of rotation, and, for pumps with disk diameters between 22.5 and 
27.5 cm, the highest speeds (about 14 liters/sec) were obtained at about 
9000 rpm. 

With a disk diameter of 54 cm, speeds of 60-80 liters/sec were 
obtained at about 8300 rpm, independently of the high-vacuum pressure 
(which ranged from 10”^ mm Hg to 2 • 10""® mm Hg). 

It should be added that, according to personal reports to the writer, 
both Holweck and Siegbahn molecular pumps are in general use in 
Europe for laboratory purposes, whereas in this country mercury-vapor 
and oil-vapor pumps (especially the latter, where liquid air is not 
readily available) are customarily used. 

7. DETERMINATION OF SPEED OF PUMP 

In this section we shall describe a number of procedures which may be 
used to determine the value of Spy the intrinsic speed of a pump, as 
defined by equation 2.1. 

1. Constant-Pressure Method. G. W. C. Kaye^® has described a 
simple method which is illustrated in Fig. 25. Into a large bulb^^ 
which is connected directly to the pump and also has a gauge attached, 
as indicated, air is admitted through a needle valve.^® The rate at 

Archives far Mathematics^ Astronomy and Physics {Royal Swedish Academy) ^ 
Vol. 27A, No. 21 (1940); Vol. 29A, No. 4 (1942). The writer is indebted to Dr. 
Eklund for sending him reprints of these papers. 

^^High Vacm, p. 162; FM, p. 69. 

It is very important that gas should be able to diffuse into the pump inlet from 
all directions. Therefore the leak should he connected to a tube of larger diameter 
than that'^f the pump inlet. This point is discussed at further length at the end 
of this section. 

JY, p. 23, gives Sn illustration of such a needle valve. An improved form of 
this t 3 rpe of valve has been described by P. Alexander, J, Set, Instruments^ 21, 216 
(1944). Also Q. C. Eltenton, ibid, 16, 27, (1939), has described a '^greaseless” leak, 
the value of which may be varied by moving a wire of gradually changing diameter 
along ^ axis of a closely fitting cai^llary. 
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which the air is admitted is measured by the rate at which a mercury 
pellet travels along the calibrated capillary. 

Let denote the rate, in micron * liters • at which air is enter- 
ing the bulb, and let denote the pressure as measured by the gauge. 
When the rate of motion of the pellet is constant, 

Q,i = SP„ ( 1 ) 

where S is the speed of the system (in liters • sec"”^) including the con- 
nection between the bulb and the pump. If F denotes the conductance 



and 


JL - i - I 

aSp ~ P - S 
** I - S/F 


( 2 ) 


Since, in general, Sp, the intrinsic speed of the pump, varies with the 
fine-pump pressure, P, a series of determinations should be made at 
different values of Qpi, and in this manner a plot is obtained of Sp as a 
fimction of P. 

Instead of measuring the rate of flow of gas by means of the rate of 
motion of the moving pellet, a customary procedure is to observe the 
rate of rise of oil in an oil manometer of known cross section, the closed 
end of which is connected to the vacuum system through an adjustable 
throttle valve, as shown in Fig. 26. 
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The theory of the method has been described by J. R. Downing^® 
as follows: 

Let Vo = initial total free volume, and let Pq = pressure when the 
oil is at the same height in both sides of the manometer. Also, let Ai 
and A2 denote the cross-sectional areas in the two sides. 



Fig. 26. Constant-pressure method for measuring speed of pump (Downing). 

At any subsequent time, t, the oil in the left-hand side will have been 
lowered a height hi, and the oil in the right-hand side will have been 
raised a height A2. Consequently, the volume of oil displaced is given by 

X A, rh 

Aidh = Aidh. 

Also, 

F * Fo - L, 

“P = Po - {hx -f- h), 

and 

PF = PoFo - Voihx -f A2) - PoL + {hx -f 

Personal communication from the National Research Ck>rporatioB. 

is evident that, in this and the following equations, P and Po should be 
expressed in terms of the equivalent height of oU. 
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Therefore, the volume of air at unit pressure which enters the system, 
per unit time, is 

As Downing points out, the most common error is caused by neglecting 
the term Vo {hi + A 2 )/ {LPq). As he has also shown, the effect caused 

by dynamic head (viscosity effect) 
may be neglected in comparison with 
that due to static head, which is 
given by equation 3. 

A variation of the constant-pres- 
sure method described by H. C. 
Howard^^ is specially adapted for 
measuring speeds of exhaust up to 
20 liters • sec~^. The following quo- 
tation from the publication contains 
a description of the arrangement 
used, which is shown in Fig. 27. 

A is an ordinary gas burette of 50-cc 
capacity, calibrated to 0.1 cc, B a stopcock 
of 3-mm bore, and C of 1 mm with the edge 
of the 'bore slightly nicked so as to permit 
adjustment of any desired leak. Z) is a 
mercury leveling bulb. The capillary E 
is sealed to the system at some convenient place as F. The pressure in the system 
at the point G is measured by a McLeod gauge. 

To make a determination stopcock C is closed and the level of the mercury in the 
burette is lowered until there is free communication to the atmosphere through stop- 
cock B. Stopcock C is then cautiously opened until the pressure at G reaches approx- 
imately the desired value, which in our work was 1 micron. When the pressure in 
the system has become constant, usually in about 30 minutes, the level of the mercury 
in the burette is raised until communication with the atmosphere is cut off ; stopcock 
B is closed and the volume of air in the burette, the time, and the atmospheric 
pressure recorded. As the air is evacuated by the pump from the burette, the 
pressure is kept approximately atmospheric by adjusting the height of the leveling 
bulb. At the end of a convenient period of time, say 15 minutes, the pressure in the 
burette is adjusted to atmospheric and the burette reading and time recorded. 

A relatively ^‘quick method,^^ which is a modification of the previously 
mentioned one, has been described by G. C. Eltenton.®^ 

In determinations of pumping speeds made in this laboratory, the 
writer has found it very convenient to use ‘‘calibrated leaks'^ made of 

Rev, Sci. InstrumentSy 6, 327 (1935). 

** J, Sci, InstrumentSy 16, 415 (1938); also JY, p. 69. 



Fig. 27. Alternative constant-pres- 
sure method for measuring speed of 
pump (Howard). 
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partly sintered porcelain rods.®^ These rods are coated with glass on 
the sides, so that flow can take place only through the ends, and are 
sealed into glass tubes, as shown in L in Fig. 28. They are calibrated 
by means of the arrangement shown in the figure. 

The leak is inserted between a bulb A containing dried gas at a pres- 
sure Pa, as indicated by the attached manometer, and the bulb B, which 
is connected to a pump through a stopcock. By means of a McLeod 



Fio. 28. Illustrating method of calibrating leak for use in measuring speeds of pumps. 


gauge connected to this bulb the rate can be measured at which gas 
passes through the leak L. 

Let V denote the total volume (in liters) of the bulb B and gauge. 
Then 


Q^i = rate at which gas enters bulb B (in micron • liters • sec 



where P = pressure as read by the McLeod gauge at any instant, t 
seconds, after the start of the experiment. 

As shown in Chapter 2, it follows from equation 3.1 that 

^ = A + eP, (5) 

where A represents the “free molecule" flow, and cP the Poiseuille flow 
at pressure P. Hence 


A 


a 


( 6 ) 


A description of the preparation and characteristics of these leaks will be pub- 
Hshed in the near future. 
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and 



V 


where a and b are constants characteristic of each individual leak. 

Experimentally it has been found possible to control temperature and 
time of sintering of the rods so that the value of for air (at atmos- 
pheric pressure and room temperature) can be varied from 100 to 0.2 
micron • liters per minute or less. 

A procedure very similar to that involving the use of a calibrated leak 
is that in which a capillary of known conductance, F (which may be 
deduced from its dimensions), is used in series with a needle valve or 
other form of leak. If the conductance F is connected at one end to the 
pump, and the higher pressure as measured by a McLeod gauge is P,U 
while the pressure at the pump as measured by an ionization gauge is 
P^ 2 i then, at equilibrium between rate of inflow and rate of outflow, 

SP,2 = E(P,1 ~ P,2). (8) 

2. The Constant-Volume Method is essentially an application of 
equation 2.4. It involves a series of measurements of the pressure in a 
large volume C during the exhaust by the pump whose speed is to be 
determined. 

For example, let us assume C = 10 liters and S = 0.5 liter • sec*”^. 
Then, for P large compared to Pg, 

A( = ^.AIog/>. (9) 

For A logP = 1, that is, for a decrease in pressure to one-tenth its 
initial value, At = 46 sec. Since S varies with P, the most reliable 
method for deriving values of S is to plot log P versus t and then calcu- 
late the values of the slope of this curve at a series of decreasing values 
of P. 

As pointed out in section 2, this method actually yields values of E, 
the speed of exhaust, where, according to equation 2.56, 



and Pg = ultimate pressure attained by the pump. 

The greatest source of error involved in such a series of measurements 
is due to gas evolution from glass or metal surfaces, which, obviously, 
would make the observed value of E or 5 less than the actual value for 
the pump itself. 
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P. Alexander^^ has described a method which, he states, eliminates 
difficulties inherent in both the constant volume and constant pressure 
methods. The interval of time is measured which is required to reduce 
the pressure in a given volume from an initial pressure Py to a final 
value P 2 , where the values of these pressures are of the order of magni- 
tude of normal atmospheric pressure. The known volume is connected 
in this case to the pump through a needle valve, and the speed is then 
determined from these data by observing the values of P 2 and of the 
pressure at the pump inlet. 



3. Circulatory Method. This method has been used in this laboratory 
by J. H, Payne^^ and also by M. Matricon^® and K. C. D. Hickman and 
C. R. Sanford.^^ A diagram of the arrangement used by the last two is 
shown in Fig. 29, taken from their publication. 

A calibrated ‘‘leak'' of conductance F is inserted between the pump P 
and a reservoir S, The reservoir is connected through a large-bore 
stopcock to a mechanical pump which can exhaust to 0.1 micron. The 
McLeod gauges G 2 and Gy indicate respectively the pressure P 2 in the 
jet chamber and the pressure Pi in the reservoir S, “Traps Ti, 72, and 
Pa are included for the condensation of volatiles by liquid air or solid 
carbon dioxide. The condensation pump circulates the gas round and 

/. Sci. InstruvmUs, 21, 216 (1944). 

J, Franklin Inst.j 211, 689 (1931). 

«« J, phya, radium, 8, 127 (1932). 

Rev, Sci, Inatrumenta, 1, 140 (1930). 
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round against any chosen backing pressure, producing a reduction of 
pressure between the calibrated leak and the jet.^^ The speed is deter- 
mined by means of equation 8 above. 

Summarizing the different methods for measuring speed of pumps, the 
writer is of the opinion, as a result of personal experience, that the con- 
stant-pressure method, involving the use of a calibrated leak such as 
that described above, is extremely convenient. By varying the pressure 
at the inlet end of the leak (which can be measured with a manometer 
or coarse McLeod gauge) it is possible to obtain, in a relatively short 
period, values of the speed for a series of values of the equilibrium pres- 
sure at the pump inlet. 

In connection with the application of equation 8, B. B. Dayton has 
pointed out that considerable variation in the measurement of S may 
result from failure to realize the effect of location of the gauge (used for 
measuring the pressure P 2 at the pump) with respect to the gas inlet. 
The following remarks are based largely on Dayton^s^^ excellent discus- 
sion of the procedure to be used for accurate determination of pump 
speeds. 

When gas enters a chamber from a narrow tube under conditions of 
molecular flow there is considerable beaming. The amount of this 
beaming has been calculated by P. Clausing^® for a short tube with a 
length equal to its diameter. The full curve (see Fig. 30) shows the 
distribution calculated; the dotted curve shows the cosine-law distribu- 
tion predicted for free molecular flow through a hole in a thin plate. 
These calculations have been checked experimentally by A. Ellett.'^® 
Dayton also mentions that M. Korsunsky and S. Vekshinsky^^ 

calculated the distribution to be expected when silver is evaporated on to a glass 
plate through narrow tubes under conditions of molecular flow. The calculations 
were then checked by evaporating silver through a narrow quartz tube using several 
different source temperatures and distances to the plate. In all cases the plate 
showed a central spot of high density and a rapid decrease in density away from the 
center, as measured by a microphotometer, in good agreement with the calculations. 
This distribution was compared with the normal spherical distribution from a point 
source consisting of a spherical silver drop on a tungsten wire. 

Consequently, as Dayton points out, 

If the air is beamed away from the mouth of the gauge, the pressure recorded will 
be lower than normal; on the other hand if the mouth of the gauge is located directly 

Paper presented at High Vacuum Symposium, Oct. 3Q--31, 1947, Cambridge, 
Maas. See Ind, Eng. Chem., 40, 795 (1948). 

^^Z.Physik,^% 471 (1930). 

^^Phys. Rev., 87, 1699 (1931). 

Phya. U.S.S.R., 9, 399 (1945). 



Sec. 7) 


DETERMINATION OF SPEED OF PUMP 


167 


opposite the air inlet so that the air is beamed directly into the mouth of the gauge, 
the pressure reading will be higher than normal, and the measured pump speed will 
be less than the true speed. . . . This effect has been verified by experiments in 
our laboratories in which the measured speed is nearly one-half the true speed. 

In order to overcome errors due to these effects, Dayton makes the 
following recommendation. 

We believe that the proper procedure is to build a test dome of diameter equal to, 
or preferably larger than, that of the pump casing, and height at least equal to the 



Fig. 30. Spatial distribution for free molecule flow through a short tube under 
conditions where L, the mean free path, is greater than 2a, the diameter, and I — 2a. 
T cos 0, the full curve, shows the calculated distribution {T =» function of $), and 
the dotted curve shows the expected cosine law distribution. (Clausing.) The 
significance of the values on the vertical scale is illustrated by the following example: 
for 40®, cos ^ 0.766 and T cos ^ * 0.4. 

diameter. The air is then introduced from a point high on the side of the dome so 
that the molecules are scattered into a random distribution about the top of the 
dome. The molecules can then diffuse through the mouth of the pump from all 
directions in a way which approximates the actual flow in most applications. 

In fact data obtained by Dayton show that 

the true speed as measured with a dome may be 60 per cent of the pseudo- 
speed as measured with a blank-off plate with air beamed directly into the jet of an 
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imbaffled pump, while even with a baffle located in the top of the pump casing the 
speed with a dome may be 25 per cent less than the value obtained with a plate. 

Because a number of investigators have failed to take these precau- 
tions, the values observed by them for pump speeds are probably 
considerably higher than the true speeds. Furthermore, from these 
observed values of S, values of the Ho coefficient^^ are deduced which 
are much too high. According to Dayton, values of this coefficient in 
excess of 45 to 50 per cent are to be regarded with suspicion. 

For this reason also Dayton has recommended that the plane of the 
mouth of the gauge should be placed perpendicular to that of the pump. 

An alternative suggestion for eliminating directional effects on ioniza- 
tion gauges is to mount the electrodes of the gauge directly inside the 
test dome, as has been done by J. Blears'^'^ and as is shown in Fig. 5.27. 

It should also be mentioned in this connection that, in Part II of his 
paper, Dayton has also treated very comprehensively the methods of 
measuring the gas flow which have been discussed above. 

The Ho coefficient is defined as the ratio between the observed speed and the 
theoretical value for the rate of flow of gas through the annular area between the 
nozzle and the walls. This is discussed in the following chapter. 

As an illustration Dayton cites the measurements by Copley and his associates 
on the speeds of the mercury vapor jet pump shown in Fig. 4.25. 

Proc. Roy. Soc. London, A, 188, 62 (1946). See discussion in Chapter 5. 
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STEAM- JET EJECTORS AND MERCURY-VAPOR PUMPS 

1. STEAM- JET EJECTORS^ 

The first application of the principle of the steam-jet ejector to the 
production of a low pressure appears to have been made by M. Leblanc,^ 
who, according to Dunoyer, showed that it is possible by means of such 
an ejector to obtain a pressure as low as 1 mm of mercury. 

The diagrammatic sketch in Fig. 1, which is taken from a bulletin^ 
published by one of the manufacturers, shows the standard terminology 
for the different parts of a steam ejector. The operating principle is 
described in this bulletin as follows: 

The steam-jet ejector operates on a mass-velocity principle. The propelling steam 
expands through a divergent nozzle, converting its pressure energy into velocity 
energy, and the mass of high-velocity steam is discharged from the nozzle in a directed 
flow through an air chamber and into a convergent-divergent diffuser. As the steam 
passes through the air chamber, it comes in contact with, and entrains, a definite 
mass of the vapors (or gases) to be evacuated. It imparts to this mass a portion of 
its own velocity by being decelerated, and the resultant total mass at the resultant 
velocity enters the diffuser where its velocity energy is, in greater part, converted 
into pressure, thus permitting the resultant mass to be discharged at a pressure 
considerably higher than the pressure in the air chamber. The entrained mass is 
thus compressed from a low absolute pressure to some higher absolute pressure. 

In entering the nozzle from the steam chest the steam expands at the 
throat to a pressure Pi which is about 55 per cent of the pressure in the 
chest, and in the nozzle there is a further isentropic expansion to the 
value Pk which is the same as that at the suction opening. As shown 
in Fig. 1, the steam jet diverges in the region near the nozzle, in which 
the gas or vapor entering from the system to be evacuated is entrained 
in the steam. The mixture of gas or vapor and steam filling the cross- 
section of the diffuser is then compressed isentropically until it reaches 

^ The writer is greatly indebted to P. Freneau and Dr. J. R. Shields of Elliott Com- 
pany, Jeannette, Pa., for reading over the first draft of this section and for extremely 
helpful comments and suggestions. Where information or data obtained from this 
source are given in this section it is designated by the notation (FS). 

^LD, pp. 41-42. 

• BuUetin G-10, Elliott Company, Jeannette, Pa, 
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the pressure Pd sA the discharge opening. The relation between the 
kinetic energy of the steam just beyond the throat, and the pressures 

Pk and Pd, is of the form:^ 


Operating 
steam • 
inlet 


^Steam chest 


Pi J 


^Air 

chamber 


Diffuser . 


where 7 = ratio of specific heat at 
Suction constant pressure to specific heat at 

opening^ //|1\ ' f constant volume = 1.32 for steam; 

^ 1 ^^^"'^Air ^ density in gm • cm”"^ at pres- 

I 1^ I ^ chamber sure Pjk; Pn and P* denote the 
I I In pressures in microbars; and r = 

I ; velocity of jet in cm • sec"'^ 

; Usually single-stage ejectors are 

^ \ operated at about the value of the 

I ^ ratio Pn/Pk = 7.5 (FS). Assuming 

|l| i that Pd = 10® microbars (750 mm 

J ill Hg), the corresponding value of Pk = 

||l| I 1.333 • 10® microbars (100 mm Hg), 

1 1 1| and Pk = 8.97 • lO”® g • cm“"®. Also, 

II 1 1 (7.5)^^“^^/^ = (7.5)®-2424 ^ j g29. 

Hence v = 8.782 • 10^ cm • sec"”^. 
Discharge pressure Pk and density 

Fig. 1. Illustrating terminology velocity of sound as derived 

for parts of steam-jet ejector. from equation 4.18, Chapter 1, is 

u = 4.43 ' 10^ cm • sec'^^ Thus the 
velocity of the steam in the jet exceeds that of sound, and the value of 
v/u (which is known as the Mach number) ^ in the above case, is 1.983. 

In general, the value of the Mach number for single-stage ejectors, 
discharging against atmospheric back pressure, ranges as high as 3. In 
booster stages, that is in those stages where the back pressure is less 
than atmospheric, particularly in the first stages of a four- or five-stage 
ejector (of which illustrations are given in the following discussion), the 
Mach number may be as high as 9 to 11, depending on the initial steam 
pressure and the air-chamber pressure (FS). 

Owing to this high velocity of the steam there is practically no diffusion 
of steam or entrained gas laterally and there is no back diffusion of 
entrained gas from the discharge opening. It is because of this phenome- 

* Steam and Gas Turbines, Vol. II, p. 972, by A. Stodola, translated by L. C. 
Loewenstein, McGraw-Hill Book Company, 1927. 


Discharge 

Fig. 1. Illustrating terminology 
for parts of steam-jet ejector. 
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non that it is possible by means of a steam ejector to obtain pressures as 
low as 100 microns or even less.® 

Since the expansion of the steam in the nozzle is isentropic, the 
temperature in the jet, at the mouth, decreases to such a low value that 
the vapor pressure of water at that temperature is equal to that of Pk- 
In this connection the following comments by Freneau and Shields 
are of importance. 



Fig. 2. Typical ejector performance curve for constant motive steam pressure, 
showing stable range and break point, for suction and discharge pressures expressed 
as percentage of design value (Freneau). 

It is interesting to note that in the case of ejectors operating below approximately 
4 mm mercury absolute, the isentropic expansion traverses the liquid phase into the 
solid-phase region, with temperatures well below freezing, so that in the case of five 
and some four stage ejectors it is necessary to add auxiliary heat input in order to 
prevent both the nozzle and difiFuser from freezing. 

Figure 2 taken from a paper by Freneau* illustrates a typical plot of 
the characteristics of a steam-jet air evacuator. 

The right-hand chart shows the maximum discharge pressure against which the unit 
can operate without breaking, and the left-hand, the capacity vs. absolute suction 

^ The writer is indebted to L. S. Stinson of Elliott Company for this explanation. 
® Power, Maitsh 1947, p. 76, from which the passage quoted is taken. 
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pressure relation for stable operation. If the actual discharge pressure is at all times 
less than the maximum safe discharge value, the left-hand section of the chart can 
be used to determine the time-pressure curve of evacuation. . . . 

Ejector capacity is almost always given in pounds per hour; in other words, a rate 
of removal. The ejector plot in the left chart of Fig. 2, is, therefore, absolute pressure 
vs. rate of pumping. 

The plots in Fig. 3 (FS) show typical performance curves of ejector 
stages. Curves A correspond to ejector operation on design steam rate; 



Fig. 3. Typical performance curves of ejector stage (Freneau and Shields). 

curves 5, to ejector operation on less than design steam rate; and curves 
C, to operation on more than design steam rate. 

According to Freneau and Shields, 

When ejectors are compared to mechanical-type pumps, it must be remembered that 
because of its inherent characteristics, the suction pressure of an ejector cannot be 
varied by throttling the steam supply without a corresponding decrease in diffuser 
throat area or in back pressure. The former is very difficult to accomplish practically, 
so that it is not possible to throttle an ejector stage without decreasing the discharge 
pressure. Since the minimum back pressure is usually fixed for a given design, 
provisions for variable capacity must be made, if necessary, by artificially loading 
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the stage with steam or air (preferably the former), or using a number of stages in 
parallel that are cut in or out as required. The latter method, while initially ex- 
pensive, does permit steam saving during part-load operation. In the condensing 
type of ejector, it is possible to save steam by throttling if colder than design water 
temperature is available as during winter operation. 

As an illustration of the operation of booster-stage ejectors and single- 
stage ejectors, there are given in Table 1 experimental results obtained 
by R. Royds and E. Johnson^ with a number of different designs of 
nozzles and diffusers. It will be observed that the value of P* increased 
considerably when air was allowed to enter at the suction end. 

It should be noted that 

1 lb dry air (at 70® F) = 13.34 atm • cu ft 
and 

1 lb dry air (at 70® F) per hour = 77.69 mm • liters • sec~^ 

= 165.0 mm • cu ft • min~^. 


TABLE 1 

Experimental Data for Operation of Steam Ejectors 


Number of experiment 

1 

2 

3 

4 

6 

6 

Steam pressure (Ib/in.^) 

50 

60 

100 

100 

140 

140 

Steam temperature C I^) 

388 

393 

400 

402 

402 

395 

Temperature at nozzle 
outlet CF) 

273 

290 

314 

316 

345 

335 


Inlet pressure, Pk (mm 


Hg) 

Outlet pressure, Pd (mm 

4.32 

6.86 

16.8 

53.1 

17.78 

56.9 

Hg) 

151.7 

266.4 

402.0 

485.1 

690.8 

717.0 

Ratio Po/Pk 

35.13 

38.85 

24.0 

9.14 

38.86 

12.6 

Air supply (Ib/hr) 

0 

0 

0 

11.25 

0 

11.3 

Steam flow (Ib/hr) 

— 

56.6 

101 

101 

144 

143.5 


In the operation of an ejector ^‘the shape and size of the diffuser is the 
major determining factor in ejector performance” (FS).® 

As mentioned previously, it is necessary, in order to obtain low 
pressures, to operate an ejector stage in series with one or more booster 
stages, and Fig. 4® shows a sectional view of a two-stage non-condensing 

^ Proc. Inst. Mech. Eng., 146 , 193 (1941). 

® A brief discussion of the design of jet evacuators is contained in a pfublication by 
A. E. Kroll, Chem. Eng. Progress, February 1947, p. 21. 

® Bulletin G-10, Elliott Company. 



174 STEAM-JET EJECTOES AND MERCURY-VAPOR PUMPS [Chap. 4 


type of ejector. Figure shows a diagrammatic sketch of a three-stage 
condensing steam-jet evacuator. 

The number of stages actually employed to obtain a desired low 
pressure depends upon the capacity required. Thus it is possible with 
a five-stage ejector to maintain 50 microns alisolute pressure with quite 
high capacity. 



Fig. 4. Sectional view of two-stage non-condensing type of ejector. 

For this reason the ejector pump has found extensive application in 
the chemical industry for large-scale fractional distillation, in refrigera- 
tion, and in metallurgical processes. For instance, L. S. Stinson has 
described” such a system of ejector pumps used for the production of 
magnesium in a vacuum furnace by the reaction between magnesia 
and ferrosilicon.^* 

Plots of speed vs. pressure for a two-, four-, and five-stage commercial 
steam ejector are shown in a paper by R. S. Morse.^® He states that, 
“In most industrial plants, particularly with pressures involving con- 

1 BiMdin S-EH, Schulte and Koerting Company, Philadelphia. 

Powerfttx, Winter 1944, published by Elliott Company. 

This is also described in the same number of Powerfax by G. D. Bagley. Also 
see discussion at Symposium on Vacuum Technique held at Cambridge, Mass., 
Oct. 30-31, 1947. 

1* Ind. Eng. Chem., 89, 1064 (1947). 
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densible vapors, steam ejector systems are recommended under most 
conditions for all total gas pressures above 500 microns.” At this 
pressure, a representative ejector would operate at a speed of about 
5.6 lb per hour of vapor. Assuming a molecular weight of 100, this 
would correspond to a speed of about 20 atm • cu ft/hr or 30,000 ou ft/hr 
at 0.5 mm. 



Fia. 5. Diagrammatic sketch of a three-stage condensing steam-jet vacuum pump. 


The possibility of using different organic vapors in ejectors, instead of 
steam, has also been investigated.^* 

As will be evident from the discussion of vapor pumps in this and the 
following chapter, the principles of operation of the steam-jet ejector 
have also been applied in the design of vapor pumps, especially those 
that operate against rather high fore-pump pressures. 

For illustration see the paper by L. T. Work and V. W. Haedrich, “Performance 
of Ejectors as a Function of Molecular Weights of Vapors,” in J. Ind. Bng. Chem., 
81, 464 (1039). 
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2. DIFFUSION OF GASES IN A VAPOR STREAM 

In 1915, W. Gaede^^ published a description of a high-vacuum pump 
which involves no mechanical motion but depends for its operation on 
diffusion of residual gases, through a slit or fine opening, into a high- 
velocity stream of mercury vapor traveling in front of the opening. The 
theory of operation of this pump^is best explained by means of the 
following illustrations and considerations which are discussed by Gaede. 



Fig. 6. Illustrating removal of gas by diffiision into a stream of vapor. 


In Fig. 6, AB represents a stream of mercury vapor passing in the 
direction of the arrow in front of the opening G of a tube which connects 
at C with the volume to be exhausted. At K and K' the side tube is 
cooled by water, with the result that any mercury vapor passing into 
the tube is condensed at E and E\ The residual pressure of the vapor 
at these points is thus reduced to less than 10“^ mm. The vapor stream 
in the vertical tube entrains any molecules of air that get into the stream, 
and consequently there is a constant diffusion of gas from C towards (?, 
due to the concentration gradient established along the tube. 

Let u denote the velocity of the mercury vapor in the direction GE, 
and let n denote the concentration of gas molecules at any point x along 
this length, where :c = 0 at jF, and G corresponds to x ^ — Z. 

The rate at which gas passes from E' to G is given by --D{dn/dx)^ 
where D is the diffusion constant of the gas in the mercury vapor. The rate 
at which gas molecules are returned from GioE because of the velocity 
u of the vapor is nu. In the stationary state these rates must be equal, 

Ann. Physik, 46, 357 (1916), also Z. tech. Physikf 4, 337 (1923). The latter 
presents a summary of the earlier paper and also discusses the relation of Gaede^s 
diffusion pump to Langmuir’s condensation pump, which is described in section 4. 
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and consequently 


nu + 


D dn 
dx 



Since n is proportional to the pressure P of the gas, the last equation 
becomes 


Pu + 


DdP 

dx 


= 0 , 


( 1 ) 


where dPjdx is the pressure gradient along the tube in the gas, which is 
equal to and opposite to the pressure gradient in the mercury vapor. 

Integrating equation 1 over the total length I between E and (?, we 
obtain the relation^® 


, a ^ Po ul 


( 2 ) 


where Pe and Pq denote the pressures of gas at E and G, respectively, 
and ^ designates the value of the ratio Pq/Pe^ 

The last equation can be expressed in a form which does not involve 
u as follows: By definition, u = volume of mercury vapor per unit time 
per unit area. Hence, 


u 


P,i>F 


2 a t 

where P^h = pressure of mercury vapor at G, in microbars. 

F = conductance for mercury vapor of tube of radius a. 

'Oa = average velocity of mercury atoms at T® K 

= 1028 \/T cm * sec"^ (4) 

T == temperature corresponding to pressure P^ 5 . 

Furthermore, since the diffusion constant, Z), /or ilrue gas, varies in- 

For a more comprehensive discussion of the derivation of this equation see K. 
F. Herzfeld and H. M. Smallwood, Taylor^s Treatise on Physical Chemistry, 2nd 
edition, pp. 216-217. G. Hertz, Physik, Z., 23, 433 (1922), has shown tiiat by using 
a stream of water vapor it is possible to obtain, because of the difference in rates of 
diffusion, a separation of pure helium from a mixture containing 70 per cent neon. 
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versely as the pressure of mercury vapor, we have the relation 


D = 


Pfih 


f 


where Do = value at 1 microbar. 

Hence, equation 2 can be written in the form 

, Po 2 ava' • Pfib 


that is, 


log 0 = 


2 OA)a • P 

^ Wo 


( 5 ) 

( 6 ) 

( 7 ) 


As an illustration of the application of the last equation let us con- 
sider the case in which the temperature of the mercury vapor at G is 
100° C {T = 373). Hence 2 ^ 0 ' = 1.985 • 10^ cm • sec~\ and — 1333 • 
0.27 = 360. At this temperature, for air in mercury vapor, D = 0.2 at 
760 mm of mercury. Hence, Do = 2.026 • 10®, and, for a = 0.1 cm, 
0 == 0.79. 

In a special series of experiments, Gaede obtained results in agreement 
with equation 7. 

The quantity of gas that would normally flow through the tube from 
D to G is proportional to Pe — P(?. However, in consequence of the 
streaming of mercury vapor from G to D, a back pressure of magnitude 
AP is set up, which, as shown by Gaede, is given by the relation 

= P^(l - 0 ), (8) 


where Pe (as well as Pg) is expressed in microbars. 

Hence, the quantity of gas passing into the opening at G, per unit 
time, is given by 

{Pe-Pq- AP)Ft, (9) 


where Ft is the conductance, for the gas, of the tube between E and G. 

Since Pq is maintained at practically zero by the stream of mercury 
vapor, it follows that the speed of exhaust is given by 

s = Ft ■ ( 10 ) 



( 11 ) 


where »» = average velocity of gaa molecules in the side tube, and 


6 = 


( 12 ) 
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Figure 7 shows a plot of iS(cm® • sec”*) versus o(cm') as deduced by 
Gaede by means of the above relations. It will be observed that, since a 
enters into the exponential term of equation 11, the value of S must pass 
through a maximum with increase in a, and then decrease exponentially. 

From the discussion, in Chapter 2, of the laws of flow of gases, it 
follows that equation 1 1 is valid only for those pressures at which a is 



0 20 40 60 80 100 

a (centimeters) 


Fio. 7. Speed of exhaust by diffusion through a capillary. 

of the same order of magnitude as or less than the mean free path of the 
gas molecules. Thus, if a is replaced by a number of fine capillaries in 
parallel, the pressure at which the arrangement will function as a pump 
is increased. 

As a first approximation we can omit the exponential terms in equa- 
tion 11 and thus obtain a relation, for the speed of exhaust, of the form 

c 2 ira® 

5 = g fo — ’ (12) 

which is identical with the value of the conductance, Ft, for a cylindrical 
tube of radius a and length I, under the condition l/a very large. 

However, under these circumstances. Ft has a very low value. If, on 
the other hand, we attempt to reduce I and increa^ o, then equation 11 
is no longer valid. 

As a result of these considerations Gaede was led to the development 
of the theory of diffusion of gas molecules throu^ a fine opening or 
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narrow slit which is traversed by the vapor of a readily condensible 
liquid. 

Let us consider the case of a circular opening of area ^ in a thin wall 
which separates the space O (containing gas) frpm the space B which is 
filled with the vapor. Gas molecules pass through the opening from G 
into B, while the vapor molecules pass through the opening in the 
opposite direction and are condensed on an adjacent surface. A fraction, 
a, of the gas molecules approaching the opening collide with the vapor 
molecules from the space B and are removed by the stream of vapor, 
passing in front of the opening, as fast as they enter. Under these 
conditions the speed of exhaust of the gas is given by the relation 


^ aAVa 


(14) 


Gaede has shown that o: is a function of a/L, where a = radius of 
circular opening (or width of slit) and L = mean free path of gas. A 
plot of a as a function of 2a/L shows that a increases from 0 for a = 0 
to slightly less than 1 for a/L = 0.5, and increases very slowly, for 
larger values of a/L, to the limiting value 1. 

From the last equation it follows that the speed of exhaust varies 
inversely as the square root of the molecular weight of the gas and is 
independent of the pressure. In this respect, therefore, a ^^iffusion'^ 
pump represents a radical departure from the mechanical pumps de- 
scribed in the previous chapter. 

In deducing equation 14 it has been assumed that the stream of vapor 
removes the incoming molecules of gas completely. As Gaede points 
out, this is not necessarily a valid assumption. The vapor can remove 
only a limited fraction of the gas molecules which collide with those of 
the vapor. That is, the vapor has a limited “extracting power. It 
is evident that this factor, which we will designate by k, must increase 
with the velocity of the vapor stream and with decrease in the value of 
a. Hence the factor a in equation 14 should be replaced by ka. 

The speed is also reduced as a result of back diffusion of gas from the 
fore pump. Just below the orifice the pressure of gas, Po, is maintained 
at an extremely low value because gas is removed very rapidly by the 
stream of vapor. Since this pressure is lower than P/, the pressure at 
the opening to the fore pump, there is a back diffusion of gas, and from 
equation 2 it follows that 

This translation of the German term “Aufnahmefahigkeit” has been suggested 
by T. L. Ho, Physics, 2, 386 (1932). 
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where I denotes the average distance which the vapor travels before it 
is condensed. 

Consequently, the net speed of exhaust through the orifice is given by 

S = 0.25Ava (ka - . (16) 

where P denotes the pressure in the volume that is being exhausted.^^ 

If the value of is not negligible, then it is possible for the speed of 
exhaust to become equal to zero at a pressure 


Pa = 



(17) 


which, therefore, represents the lower limit of pressure attainable on 
the high-vacuum side. In fact, at low velocities of the vapor, may be 
greater than kaPIP/y and S then becomes negative. Gas diffuses from 
the fore pump into the high-vacuum side. 

It is of interest to determine the manner in which varies with the 
pressure of mercury vapor. Let us consider the case, discussed previ- 
ously, of air, with mercury vapor at P = 373, for which the values of 
both Va! and Dq are given above. The value of Do varies approximately 
at that of Va varies as V T. 

Table 2 gives values of Pf/Po calculated by means of equation 7 for 
a series of temperatures at which the corresponding pressures of mercury 
vapor are given by Pmmi and for two values of a. 


TABLE 2 


Values of Pf/Po for a Series of Pressures of Mercury Vapor 


T 

Pfnm 

a = 0.1 

a = 

1.0 

355 

0.1 

2.50 

9.45 

• 10* 

373 

0.27 

10.50 

1.62 

• 10^® 

385 

0.505 

70.70 

3.16 

■IQi® 

400 

1.04 

4.65* 10^ 




Thus j8 decreases rapidly with increase in T and with a suflBciently 
high velocity of the vapor, 



(18) 


P must obviously be higher than Pq in order that gas may diffuse through the 
oriffco. 
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That is, for air at 25® C 

S = 6.281 • 10^ ^ cm^ • sec”^ (19) 

Vm 

= 11.67 kaA liter • sec“^ for air. (20) 


3. THE GAEDE DIFFUSION PUMP 


A simple illustration of the manner in which the above considerations 
have been applied by Gaede towards the development of a high-vacuum 
vapor pump is given in Fig. 8. A blast of steam is blown through the tube 


AB, in which is fixed a porous 
diaphragm C. The vessel to be ex- 
hausted is attached at E. Water 
vapor diffuses through the capillaries 
in the diaphragm into the trap Z), 
where it is condensed by some refrig- 
erating agent, while air diffuses 
through the diaphragm in the oppo- 
site direction into the tube AB, from 
where it is drawn away rapidly by 
the blast of steam. The result is 
that the pressure in E decreases and 
finally reaches a very low value. 



Fig. 8. Illustrating method of opera- 
tion of Gaede diffusion pump. 



Fig, 9. Original Gaede diffusion 
pump. 


The actual construction of the Gaede ‘‘diffusion’’ pump is shown in 
Fig. 9. The porous diaphragm used in the construction shown in Fig. 
8 is replaced by a steel cylinder C with a narrow slit S whose width can 
be altered by means of the set screws H. The cylinder is set in the 



Sec. 3] 


THE GAEDE DIFFUSION PUMP 


183 


mercury trough G, which forms a seal between the low- and high- 
pressure sides. The mercury at A is heated, and the stream of vapor 
passes over the slit in the steel cylinder in the directions indicated by 
the arrows. The air or other gas from the system to be exhausted 
(connected at F) diffuses into this mercury stream at S, and then passes 
out through E into the fore pump, which is connected at V. Any 
mercury vapor passing out through S is condensed on the glass in the 



Fio. 10. Effect of variation in mercury-vapor pressure on 
speed of Gaede diffusion pump. 

immediate neighborhood by means of the water cooling jacket K1K2. 
The opening Vi connects with the fore pump or other source of rough 
vacuum and is used for exhausting the system until the pressure gets 
low enough for the operation of the diffusion pump to become effective. 
As soon as this stage is reached the mercury in the trap automatically 
closes this opening and the exhaust then continues by means of the 
diffusion pump. 

Since the maximum speed of the pump is attained when the width of 
the slit 5 is of the same order of magnitude as the mean free path of the 
gas molecules in the mercury vapor, the pressure, of the mercury vapor 
has to be maintained fairly constant. For this purpose, a thermometer 
T is placed inside the tube B. 

The effect of vaiying the temperature (and consequently the pressure 
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of mercury vapor) on the speed of exhaust is shown by the plot in Fig. 
10. In this experiment the slit width was 0.012 cm, corresponding to 
A. =0.13 cm^. The maximum speed of 80 cm^ • sec"~^ was obtained at 
a temperature of the mercury vapor of 100° C, This corresponds to 
615 cm^ • sec*”^ • cm”'^ (as compared with & = 11,670 cm^ • sec""^ • cm""^ 
given in Table 2.2). It follows that in this case 'k — 0.053. The values 
for k observed by Gaede in other experiments varied from 0.04 to 0.14. 

The value of L^, the mean free path of gas molecules in mercury vapor, 
may be calculated by means of equation 8.33, Chapter 1. Assuming 
that the concentration of molecules of air is small compared to that of the 
mercury vapor, and that the temperature of the air is 25° C, 


1.961 ■ KT^Tb 
\/l + 4.835 • IO-^STb 


where Pmm = vapor pressure of the mercury at the temperature Tb> 
For Tb = 373 and Pmm = 0.273, La = 2.47 • 10“^ cm, whereas, as 
observed above, 2a = 1.2 • 10“^. 

The great advantage of the diffusion pump over the mechanical types 
of pump consists in the fact that there is theoretically no limit, except 
that imposed by equation 2.16, to the degree of vacuum that can be at- 
tained by its operation. With the Gaede rotary pump and all mechan- 
ical pumps the speed of exhaust decreases with decrease in pressure. 
With the Gaede molecular pump the minimum pressure attainable 
depends upon the pressure in the fore vacuum since the ratio of the 
pressures is constant for the pump. Thus, in all these pumps, the 
pressure attainable in the exhaust system has a fixed lower limit. Al- 
though the diffusion pump has no such limitation, it does have the 
double disadvantage of low exhaust speed and the necessity of carefully 
regulating the temperature of the mercury vapor. 


4. THE LANGMUIR CONDENSATION PUMPS 

Both these disadvantages are eliminated in the design of vapor pump 
developed by Langmuir,^® in which some of the features of the ejector 
pump are incorporated. An analysis of the action of this pump shows, 
according to Langmuir, that in its action two separate processes are 
involved. 

1. The process by which the gas is drawn into the blast of vapor. 

2. The action of the blast in carrying the admixed gas along into a condensing 
chamber from which it cannot return to the vessel being exhausted. 

The ejector pump fails at low pressure because, at these pressures, 
Gm. Elec, Rev,, 19, 1060 (1916), also J. Franklin Inst., 182, 719 (1916). 
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^‘according to the kinetic theory of gases, the molecules in a jet of gas, 
passing out into a high vacuum, must spread laterally, so that there is 
no tendency for gas molecules to be drawn into such a blast.^^ 

These considerations and the results of his previous investigaticwis on 
the mechanism of condensation of gas molecules on solid surfaces led 
Langmuir to the conclusion that the mercury atoms could readily be 
prevented from returning in the direction from which the gas molecules 
are diffusing by simply cooling the walls of the tube near the mercury- 
vapor outlet. Under these conditions the mercury atoms ought to be 
rapidly condensed as they strike the walls. At the same time the gas 
molecules diffusing in from the system to be exhausted would collide 
with the high-speed mercury atoms at the jet and thus acquire from 
them a velocity component which would remove them rapidly from the 
space around the jet opening. The whole action of the pump con- 
structed on the basis of this reasoning thus rests on the fundamental 
principle that the mercury vapor^ after having imparted its momentum to 
the gas molecules^ is rapidly condensed as it leaves the jet and the temper- 
ature is maintained so low that the mercury does not re-evaporate to 
any measurable extent. Langmuir therefore suggested that pumps 
based on this principle should be designated as ‘^condensation^^ pumps. 

Thus the difference between the operation of the condensation pump 
and that of the ejector pump is due fundamentally to the fact that in 
the ejector pump the gas or vapor is entrained by the jet traveling, as 
shown in section 1, at supersonic speed, whereas in the condensation 
pump the gas molecules acquire a forward momentum as a result of 
collisions with mercury atoms, which are then removed by condensation 
on the walls. 

However, from the fact, mentioned in section 1, that it is possible by 
means of vapor ejector pumps to obtain fairly low pressures (10 to 100 
microns or even lower), it may be concluded that the mechanism of 
evacuation in the condensation pump is similar in many respects to that 
in the ejector pump. That this conclusion is justified will be evident 
from the subsequent discussion in this chapter (see especially section 7) 
and from the fact that higher speeds of pumping may be obtained by 
suitable design of the nozzle through which the mercury vapor enters 
the condensing chamber. 

An early type of glass pump constructed on the condensation principle 
is shown in Fig. 11, and the following description is given by Langmuir. 

In this pump, mercury vapor from the flask A is carried through the thermally 
insulated tube B to the nozzle L. The vessel to be exhausted is connected to B. 
The gas from this vessel passes through the trap G and the tube F into the annular 
space E. At P this gas comes into contact with the mercuiy-vapor blast issuing 
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from the nozzle L and is thus forced outward and downward against the walls of the 
tube C and is finally driven down into the space D from which it escapes into the 
rough-pump connection N. The mercury which condenses on the sides of the water- 
cooled tube C passes back through the tube M into the boiler A, 

In order that the pump may function properly it is essential that the end of the 
nozzle L shall be located below the level at which the water stands in the condenser 



Fio. 11. Langmuir condensation pump, glass form. 

/. In other words, the overflow tube K must be placed at a somewhat higher level 
than the lower end of the nozzle as is indicated in the figure. The other dimensions 
of the pump are of relative unimportance. The distance between L and D must be 
sufficiently ^great so that no perceptible quantity of gas can diffuse back against the 
blast of mercury vapor, and so that a large enough condensing area is furnished. 

The pump may be made in any suitable size. Some have been constructed in 
which the tube B and the nozzle L were one and a quarter inches in diameter while 
in other pumps this tube was only one-quarter of an inch in diameter and the length 
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of the whole pump was only about four inches. The larger the pump the greater is 
the speed of exhaustion that may be obtained. 

In the operation of the pump the mercury boiler A is heated by either gas or 
electric heating so that the mercury evaporates at a moderate rate. A thermometer 
placed in contact with the tube B, under the heat insulation, usually roads between 
100 and 120 degrees C when the pump is operating satisfactorily. Under these con- 
ditions the mercury in the boiler A evaporates quietly from its surface. No bubbles 
are formed so there is never any tendency to bumping. 

Unlike Gaede’s diffusion pump, there is nothing critical about the adjustment of 
the temperature. With an electrically heated pump in which the nozzle L was in. 
in diameter, the pump began to operate satisfactorily when the heating unit delivered 
220 watts. The speed of exhaustion remains practically unchanged when the heating 
current is increased even to a point where about 550 watts is applied. 

The back pressure against which the pump will operate depends, however, upon 
the amount and velocity of the mercury vapor escaping from the nozzle. Thus in 
the case above cited, with 220 watts, the pump would not operate with a back pressure 
exceeding about 50 microbars, whereas with 550 watts back pressures as high as 800 
microbars did not affect the operation of the pump. 

The speed of a pump of this construction has been found to be about 
1700 cm^ • sec“^ with 265-watt input and a maximum fore-pump pressure 
of 0.3 mm of mercury. 

As with the Gaede pump, there is no definite lower limit to which the 
pressure may be reduced. Such a lower limit could arise only through 
diffusion of gas from the fore pump (AT in Fig. 11) against the blast of 
mercury vapor passing down from L. According to equation 3.1 above, 
the mean free path of a molecule of air in mercury vapor at a pressure 
of 1 mm is 7.2 • 10“"^ cm. The probability that a molecule will move a 
distance x/La without suffering a collision is Table 3 gives a 

few values of x/La and the corresponding values of the exponential 
function. 


TABLE 3 

Probability of Collision as a Function of the Ratio between 
Distance Traversed and Mean Free Path 


xILa 

^-x/La 

xILa 

^-x/La 

0.5 

0.607 

4.0 

0.018 

1.0 

.368 

5.0 

.0067 

2.0 

.135 

7.5 

.00055 

3.0 

.050 

10.0 

.000045 


Thus, for La = 7.2 • 10~^, the probability that- a molecule will travel 
a distance x = 7.2 • 10"^ cm without a collision is 0.000045, and the 
probability that it will move freely a distance of several centimeters is 
infinitesimally small. 



188 STEAM-JET EJECTORS AND MERCURY-VAPOR PUMPS [Chap. 4 


For most practical purposes a glass pump has many disadvantages. 
Langmuir therefore applied the same principles to the construction of a 
metal pump. According to Langmuir, 

One type of pump which has proved relatively simple^in construction and efficient 
in operation is shown diagrammatically in Fig. 12. A metal cylinder A is provided 
with two openings B and C, of which B is connected to the backing pump and C is 
connected to the vessel to be exhausted. Inside of the cylinder is a funnel-shaped 



Fig. 12. Diagram of construction of con- Fig. 13. Construction of single-stage 
densation pump, metal form. condensation pump, metal form. 


tube F which rests on the bottom of the cylinder A. Suspended from the top of the 
cylinder is a cup E inverted over the upper end of F. A water jacket J surrounds 
the walls of the cylinder A from the level of R to a point somewhat above the lower 
edge of the cup E. 

Mercury is placed in the cylinder as indicated at D, By applying heat to the 
bottom of the cylinder the mercury is caused to evaporate. The vapor passes up 
through F and is deflected by E and is thus directed downward and outward against 
the water-cooled walls of A. The gas entering at C passes down between A and E 
and at P meets the mercury-vapor blast and is thus forced down along the walls of A 
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and out of the tube B. The mercury which condenses on the walls of A falls down 
along the lower part of the funnel F and returns again to D through small openings 
provided where the funnel rests upon the bottom of the cylinder. 

Figure 13 shows an early form of single-stage metal pump constructed 
in this laboratory. The demountable design was intended for ease in 
cleaning the inside of the pump. With 35 cm® of mercury and 250-watt 
input, the speed obtained was 6 liters • sec~^ against a fore pressure of 
0.1 mm. 



Fig. 14. Condensation pump, arc type. 

One of the earliest forms of mercury condensation pumps is that 
described by H. B. Williams.®® A construction used by L. T. Jones 
and N. 0. Russell®^ is illustrated in Fig. 14. The advantage of this 
form is that it “permits using the pump as a mercury still at the same 
time that it is being used for exhaustion purposes. Two barometer 
columns introduce the mercury into the arc, the arc being started by 
blowing in one neck of the Woulff bottle, as shown at B. The mercury 
vapor is driven through the nozzle N and condenses in the chamber 
surrounded by the water jacket J. The condensed clean mercury is 
then drawn off at 0.” With a current of 10-15 amp, a speed of exhaust 
of,400 cm® • sec"^ was obtained. 

Simple constructions of condensation pumps have also been described 
by W. C. Baker®® and by J. E. Shrader and R. G. Sherwood.®® Full 

Bev., 7, 583 (1916). 

** Phys. Rev., 10, 301 (1917). 

” Phye. Rev., 10, 642 (1917). 

12,70 (1918). 



190 STEAM-^ET EJECTORS AND MERCURY-VAPOR PUMPS [Chap. 4 

details of Sherwood^s construction, with all necessary dimensions, are 
given in the original paper. The speed of the pump was observed to be 
a maximum at about 400-500 watts input. Pressures as low as 2 • lO*”® 
micron were obtained after the precaution had been taken of heating 
all the glass parts to a temperature of 500° C for a long period. 

An interesting form of mercury-vapor pump, 
designed by W. W. Crawford,^^ is shown in Figs. 
15 and 16. 

The mercury vapor generated in the boiler R at a pressure of 
10 mm of mercury or more, escapes through the narrow throat 
T (Fig. 15), ahead of the point of entrainment. The vapor 
expands in the diverging nozzle N, and the issuing jet 
passes through the tube E, which it fills, and condenses in D, 
mostly, where it is found at the upper end. A slight amount 
of vapor escapes into the chamber A and condenses there. The 
condensed vapor drains back through the tubes a and 6, to 
the boiler. 


Fig. 15. Crawford’s Fig. 16. Crawford’s design of glass 

design of glass conden- condensation pump, horizontal form, 

sation pump, vertical 
form. 

The vessel to be exhausted is connected at C, while D connects with the 
rough pump. The speed of the pump in series with 10 cm of tubing, 
1.9 in diameter, was observed to be around 1300 cm®/sec at a boiler 
pressure of 10 mm of mercury. 

As will be observed, the introduction of a jet, designed along the same 
lines as the nozzle in an ejector, made it possible to operate this pump 
at a much higher boiler pressure. In a subsequent section the further 
application of these considerations will be discussed in greater detail. 

^*Phy». ttev., 10, 567 (1917). 
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5. MULTISTAGE PUMPS 

Since the single-stage pump described above requires a relatively low 
fore-pump pressure, a number of designs were developed in which one 
or more stages are added, which operate more on the principle of the 
ejector. 

Thus Gaede^® described a three-stage pump made entirely of steel, 
which could be operated against a pressure of 20 mm at a speed of 60 
liters • sec”^ for air and 100 liters • sec~^ 
for hydrogen. 

As in the case of the single-stage pumps, 
a large number of different designs of two- 
and three-stage mercury-vapor pumps 
have been described in the literature. In 
fact it may be stated that each laboratory 
has developed its own particular modifica- 
tion which it believes to be a distinct im- 
provement over all other types. This 
remark Applies especially to the designs of 
pumps made of Pyrex (Corning G 702 P) 
or Nonex, which can be operated at 
higher temperatures of the mercury boiler 
than are possible with pumps made of 
lead or lime glass. 

A two-stage pump made of Pyrex has 
been described by E. K. Kurth, and Fig. 

17 shows a variation of this construction 
designed by W. A. Ruggles in this labor- 
atory. It has the great advantage that 
the glass blowing is not very difficult. 

The mercury boiler shown at M is heated 
by a standard radiant heater unit as shown, 
and the blast of mercury passes up the 
tube D which is covered with some heat- 
insulating material /. The mercury passing through the small holes 
past the opening A is condensed on the adjacent parts of the walls by 
the cooling water in the jacket C, and thus functions there on the conden- 
sation pump principle, while the higher-pressure stage occurs at the 
opening to the nozzle B, The rough pump is connected to and the 
vessel to be exhausted, at F. Tape, S, is wound around the top of the 
water jacket C and thus provides a flexible joint there. 

Z, tech, Phyeik, 4 , 837 (1923). This pump has also been described by the writer 
in J. Frankiin 811, 689 (1931). 



Fig. 17. Design of Kurth- 
Ruggles two-stage mercury- 
vapor pump, glass form. 
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The speed obtained with this pump, when used in series with a liquid- 
air trap, is about 700 cm^ • sec”\ and pressures as low as 5 • lO'^^ micron 
have been attained, as measured by an ionization gauge. 

Two-stage mercury-vapor pumps have alsq been described by M. 
Volmer,^® C. A. Kraus, and H. F. Stimson.^® The last two consist 



Fig. 18. Design of two- 
stage mercury-vapor 
pump of metal. 


essentially of two Langmuir pumps in series. 
The speed attained with Stimson^s design is re- 
ported to be 250 cm^ • sec“^ 

Two designs of all-metal mercury-vapor 
pumps have been described by I. Backhurst 
and G. W. C. Kaye,^*^ in which the first stage 
utilizes the principle of the ejector. The speed 
obtained in the second, more compact design 
varies from 1000 to 7000 cm^ • sec“"^, ^^depending 
on the pressure in the vessel being exhausted 
and also on the value of the back pressure 
against which the pump is working. . . . The 
pump will readily produce a vacuum of the order 
of 10~^ mm or less when working against a back 
pressure of 1 mm of mercury. 

A two-stage metal pump, designed by the 
Philips Lamp Company, of Eindhoven, Holland, 
around 1926, has a speed of 1700 cm^ • sec"“^ at 
a fore-pump pressure as high as 4.9 cm. 

About 1930 a considerable amount of work 
was carried on in this laboratory by J. H. 
Payne in cooperation with the Incandescent 
Lamp Division of the General Electric Company 
in order to determine the most suitable design for 
a high-speed, high-vacuum, multistage metal 
pump.^^ Figure 18 shows a design of two- 
stage pump having the following characteris- 
tics: Volume of mercury, 70 cm^; power input. 


660 watts; fore-pump pressure, 1 to 2 mm; minimum pressure, 
about 3 • 10“"^ micron; speed, 12 to 16 liters • sec“^. 


A three-stage pump of similar design, used in exhaust of high-power 


Ber, devi, chem» Ges,, 62, 804 (1919); Z, angew. Chem,, 34, 149 (1921), also 
Gaede, loc, dt. 

J, Am, Chem, Soc.y 39, 2183 (1917). 

28 J. Wash, Acad, Sci,, 7, 477 (1917). 

^^PhU. Mag,, 47, 918, 1016 (1924). 

8^ This work has been discussed in J, Franklin Inst, 211, 689 (1931). 
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transmitting tubes, gives the same degree of vacuum at a speed of 60 
liters • sec”"^. 


6. PERFORMANCE CHARACTERISTICS OF MERCURY-VAPOR PUMPS 
AS INFLUENCED BY DIFFERENT FACTORS 

The speed of exhaust of a given vapor pump and minimum pressure 
attained in the performance are dependent on a number of factors, such 
as fore-pump pressure, temperature of cooling water, and power input 
in the heater. 

Table 4 gives the results of some observations, made by the writer, 
with an early form of metal single-stage pump, on the variation in 
ultimate pressure with energy input in the heater. The fore-pump pres- 
sure was 0.0146 mm, and the pressure on the high-vacuum side was 
measured with an ionization gauge. The amount of mercury used in 
the pump was 626 g, and the normal power input was 300 watts, with a 
flow of 1000 cm^ • min”^ of water. 

TABLE 4 

Minimum Pressube Obtained with Mercury-Vapor Pump as a Function 
OF Watts in Heater 


Watts in 

Heater 

Pm 

130 

0.20 

150 

.25 

170 

.03 

180 

.017 

200 

.010 

220 

.005 

240 

.0019 

280 

.0015 

300 

.0015 


Similar results were obtained on multistage pumps by C. T. 
DeGroat of the Electronics Division of the General Electric Company.®^ 
In his observations, made with a number of pumps, the speed of 
exhaust is found to be independent of fore-pump pressure as long as this 
pressure is below a certain critical value. Immediately above this value, 
the speed decreases rapidly. Also the same observer found that the 
minimum high-vacuum pressure is independent of fore-pump pressure 
over the same range as the speed. 

Personal communication. 
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A comprehensive paper on the topic has been published by M. 
Matricon.^^ A diagrammatic sketch of the single-stage mercury-vapor 

pump used in his investigation is shown 
in Fig. 19. The dimensions are given in 
millimeters. 

Figure 20 taken from this paper 
shows plots of S (liters • sec~^) versus 
log Pf (the fore-pump pressure in milli- 
meters of mercury). With high power 
input in the heater is extremely small, 
because of the large value of u in equa- 
tion 2.15, and therefore the pump begins 
to function at a relatively high fore- 
pump pressure (see curve 1). As the 
power input is decreased, the results 
shown in curves 2, 3, and 4 are obtained. 
These observations were made with a 
sufficient flow of water to maintain the 
temperature of the condenser wall at 
17,5® C. On decreasing the rate of flow, 
so that the temperature of the wall rose 
to 30® C, curve 5 was obtained, in spite 
of the fact that the power input was the 
same as in 1. 

Figure 21 gives log-log plots of Pmm 
(fine-pump pressure) versus P/ (in mil- 
limeters of mercury) for argon and hy- 
drogen at three different values of the 
watt input. The data for both gases 
were practically the same in the low- 
pressure range and differed only slightly 
in the range Pmm = 10^^ to 10“"^. It 
will be observed that, below P/ = 10“^ mm, P/IPmm = 500 approxi- 
mately. 

Though these observations show that the limiting pressure obtained 
was the same (for constant value of Pf) for both argon and hydrogen, 
it is to be expected, from theoretical considerations, that the value of 
Po (fine-pump pressure) obtained would be higher for a lighter gas than 
for a heavier one. 



Fig. 19. Dimensions (in milli- 
meters) of single-stage vapor 
pump of metal used by Matricon. 


Phya., 8, 127 (1932). 
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According to equation 2.15, 

ul 

logi>,-logP. = ^^. (1) 

For constant temperature of the vapor, u and I are constant. On 
the other hand, at constant pressures, D varies approximately inversely^^ 



Pf (fore -pump pressure in millimeters )-»- 

Fig. 20. Seini-log plots of speed of pump versus fore-pump pressure (Matricon). 

as Let (Po)a denote the value of Po for argon and (Po)h that for 
hydrogen. Then it follows from equation 1 that 

log Pf - log (Fo)a = C's/SQ.Q 

and 

log Pf - log (Po)h = CV2, 

where (7 is a constant involving u and 1. 

Let us assume that, in the case of argon, the value (Po)a = 10^® mm 
for Pf = 10~^ mm. Therefore CV39.9 = 5, that is, C = 0.792, and 
we obtain the result (jPo)h = 7.59 • 10“® mm. 

The ratio PolPf is usually so small for all gases that this effect of 
molecular weight is not often observed. It may, however, happen (as 
the writer has actually observed) that, though a pump gives a good 
vacuum with air or argon, it is no longer as effective with hydrogen. 

** This statement is approximately valid since the molecular weight of the vapor 
is in general considerably higher than that of the gas which is being elimina^. 
Matricon, toe. eU., has discussed this question at considerable length. 
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Since -PoZ-P/ decreases with increase in the velocity {u) of the vapor, the 
obvious remedy for such a situation is increasing the heater watts. 

One very important factor with regard to any pump is the relation 
between speed of exhaust and pressure P in {he system (P > Pq). In 



Pf (millimeters) 

Fia. 21. Log-log plots of fine-pump pressure (P in millimeters) versus fore-pump 
pressure P/ (in millimeters) for argon and hydrogen (Matricon). 

order to discuss this problem it is necessary to refer once more to equation 
2 . 16 , which, in view of equation 2 . 15 , can be written in the form 



In this expression, the factor {AvJ^) corresponds to the conductance 
of the orifice through which the gas diffuses into the stream of vapor. 
It may, therefore, be designated by Pq, a quantity that can be calculated 
for any given design of nozzle and gives the theoretically maximum value 
of S. The quantity B depends upon the temperature of the vapor 
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(mercury in this case) at the nozzle. Thus, if we let 

BFq = Sm, 


then equation 2 can be written in the form 


S = S„ 


FoPo 

• 

P 


( 3 ) 


This relation indicates that at very low pressures the speed should 
decrease with P and that the difference between the maximum value 
and that actually observed should vary inversely as the pressure. Evi- 
dently, for Pq/P = B, the value of S is zero. 

Before considering the manner in which the value of the factor B in 
equation 2 varies with the design of nozzle used in a pump, it is well to 
point out that, in any experimental determination of the value of B 
from direct measurements of S for a given pump, it is necessary to 
introduce certain corrections. In pumps used in practice the value of 
S which is actually measured for the given area of orifice at the nozzle 
must be corrected for the effect of resistance to flow due to the length 
of tube above the orifice. (The discussion at the end of the previous 
chapter should be considered in this connection.) Denoting the ad- 
mittance in series with the orifice by F, and the intrinsic speed at the 
nozzle by Sp, the observed value of the speed is given by the relation, 
deduced in Chapter 3, 


1 

S 


F 


As an illustration of the application of this relation it is of interest to 
calculate the values of S, Sp, and B for the pump, the dimensions of 
which are given in Fig. 19, and which was used by Matricon in making 
the observations plotted in Figs. 20 and 21.^* 

From the dimensions given in Fig. 19 we obtain the following values 
of the conductances for air at 25° C (cm® • sec~^). 

Section A, Fa = 2.35 • 10^ I/Fa = 4.36 • KT*. 

Section B, Fb = 2.56 • 10®, 1/Fs = 0.39 • lOr®. 

Annular section C, Fc = 6.67 • 10'*, 1/Fc = 1.5 • 10^*. 


Hence, 


r FA "b 


** hoc, cU. The value of Fb in the following calculation is that given by Matricon. 
The other values were calculated by the writer from the relations given in Chapter 2. 
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Now the observed speed of the pump was 7.8 • 10®, corresponding to 
1/S = 12.82 • 10~®. Hence the intrinsic speed of the pump is given by 
the relation 


= (12.82 - 6.90)10“® = 5.92 • KT®, 

Op 


that is, Sp = 16,890 cm^ * sec“"^. 

Since the area of the slit across which diffusion occurs is 13.2 cm^, 
Ava/4: = 1.54 • 10®. Hence 


1.69 • 10^ 
1.54 • 10® 


0 . 11 . 


It will be observed that the resistance of the cylindrical section A 
constitutes about two-thirds of the total resistance, l/F. By decreasing 
the length of this section, the value of 1/F would have been decreased, 
thus yielding higher values of both S and B. This result serves to 
emphasize once more the importance of making all connections between 
the pump and system as short as possible if full advantage is to be taken 
of the maximum potential speed of a given design of pump. 

Since the cross section of A is 8.04 cm^, the speed per unit area of 
opening is approximately 1000 cm^ • sec""^ • cm~^ compared to 11,670 
cm^ • sec"“^ • cm""^, which is the theoretical speed. Thus the ratio 
between actually observed and calculated speed for the pump is about 
0.085. The same result has also been obtained in this laboratory on 
metal pumps. In general, the ratio between the observed speed and 
that calculated for an opening of equal area from the relation S = 
11,6704 varies, for mercury-vapor pumps, between 0.07 and 0.1. 


7. EFFECT OF DESIGN OF NOZZLES 

Attention was drawn in section 3 to the construction of a pump in 
which a specially designed jet was incorporated. A number of investi- 
gators have followed out this suggestion at further length. 

A high-speed pump made of glass, with metal nozzle, has been de- 
scribed by I. Estermann and H. T. Byck.®® Figure 22 shows the con- 
struction of the pump, while Fig. 23 shows the details of the metal 
nozzle insert. 

In order to determine the dimensions affording maximum pumping speed the first 
nozzle was constructed in such a way that the width of the diffusion area could be 
successively increased by turning down the outer part of the nozzle on a lathe, and 

Rev. Set. Instruments, 8, 482 (1932). 
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at the same time the bottom face of the inner part of the nozzle was cut back to 
maintain approximately the same relative length. 

The results obtained for different values of the clearance are shown 



FlO. 22. Glasa-metal mercury- Fia. 23. Details of metal nozzle for 

vapor pump (Estermann and pump shown in Fig. 22. 

Byck). 


in Table 6. The second column gives the value of the annular area 
between the nozzle and the wall. 

As will be observed, the maximum speed was reached for a 
clearance of about 6 mm. Theoretically the value of S for air is 
11.67 liters • sec“^ • cm““*. The maximum value actually obtained was 
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TABLE 5 

Effect of Nozzle Design on Speed of Pump (Estermann and Byck) 


Clearance 

(cm) 

Region 
Area of 

S (liters - sec ^) 

S/a>rea> 

Diffusion 




(cm2) 



0.1 

1.5 

3.0 

2.0 

.2 

2.9 

5.0 

1.72 

.33 

4.7 

8.5 

1.81 

.55 

7.4 

13.0 

1.76 

.63 

8.4 

9.5 

1.13 

.71 

9.2 

8.4 

0.91 


1.8 liters • sec~^ • cm“^. Since the speed was measured at 30 cm above 
the nozzle, and a = 2.5 cm, the observed speed should be corrected for 
the “resistance” of this length of tube. From the relations given in 
Chapter 2, it follows that F (for the tube) = 39.42 liters • sec~^. 
Hence the observed value 5 = 13 liters • sec“* corresponds to a cor- 
rected value of »S = 19.5 liters • sec"*, and the intrinsic speed per cm^ 
is 2.6 liters • see"*, or about 23 per cent of the theoretical value. 

T. L. Ho®® has discussed the influence of number and design of nozzles 
on the value of B in equation 6.2, which he designates as the “ speed 
factor.” He has pointed out that the magnitude of k (see equation 
2.16), the extracting power of the vapor for gas, “depends largely on the 
shape of the nozzle and the intensity of distribution of the vapor below 
the slit.” 

In order to determine the correct magnitude of the speed factor it is 
necessary, as has been discussed above in the case of the pump used by 
Matricon, to correct the observed speed of the pump for the resistance 
of the volume between the inlet to the pump and the region near the 
slit. The factor B is then obtained as the ratio between the corrected 
speed. Sc, and the conductance of the annular orifice through which the 
gas diffuses into the vapor stream from the high-vacuum side. 

An examination by Ho of a number of different designs of nozzles 
used with mercury-vapor pumps, illustrated (with important dimen- 
sions) in Fig. 24, yielded the results shown in Table 6. 

Evidently the speed factor is increased by using a divergent jet instead 
of a straight one. Other factors, such as size of chamber and the extent 
to which the nozzle is thrust into the chamber, affect the value of the 
speed factor. This is accounted for by Ho on the basis of the effects 
produced on the values of ot and k. By varying the area, a maximum 

** Physics, 2, 386 (1932). See remarks in footnote 17 above. 
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value is obtained for the product ka, which has been mentioned in 
equation 2.16 above. 


d 




a 

6 

c 

d 


Pump lA 

1.7 

2.4 

2.5 

0.25 cm Pump 2 

Pump 3 

Pump IB 

3.0 

3.5 

1.4 

0.15 


Pump 1C 

3.5 

4.3 

1.4 

0.25 







Pump9A 2.0 1.0 0.3 cm 

Pump 9S 3.6 2,2 0.6 cm 



Fig. 24. Designs of nozzles for mercury-vapor pumps investigated by Ho. 


One conclusion drawn by Ho which is of interest in connection with 
the subject of oil-vapor pumps (discussed in the following chapter) is 
the following: 
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TABLE 6 


Effect of Nozzle Design on Speed Factor (Ho) 


Pump 

Form 

Slit area 
(cm®) 

Watts 

Input 

Speed 

s (liters • sec“^) 

Speed 

Factor 

lA 

Straight nozzle 

Small chamber 

1.54 

115 

1.01 

0.056 

IB 

Small chamber 

1.48 

140 

3.5 

0.20 

1C 

Small chamber 

2.9 

140 

5.7 

0.17 

2 

Divergent nozzle 
Small chamber 

1.54 

115 

1.57 

0.086 

3 

Small chamber 

0.27 

no 

0.57 

0.18 

6 

Small steel 

1.26 

300 

1.16 

0.079 

8 

Small steel, upward 

2.5 

60 

3.2 

0.11 

9A Upward 

2.4 

60 

4.0 

0.14 

9B 

Upward 

6.4 

140 

14.5 

0.20 

10 

4 nozzles, upward 

9.5 

140 

28.0 

0.26 

11 

4 nozzles 

9.5 

140 

33.0 

0.30 

12 

7 nozzles 

22.8 

200 

55.0 

0.21 

13 

19 nozzles 

155.0 

700 

320.0 

0.18 


The speeds [according to Ho] were specified as (1) at the position along the inlet 
tube and close to the nozzle chamber, (2) constant at pressures from 10~® to 10~^ 
mm Hg, (3) against a fore pressure of below 0.1 mm Hg, (4) the water cooling was 
at room temperature and the temperature difference between the inlet and the outlet 
water was about 2° C. 

‘The speed of the pump filled with n-butyl phthalate is higher than 
that of the same pump with mercury.’’ This is accounted for by the 
lower vapor pressure of the former, which causes an increase in the 
value of a, 

A study of the speed of divergent-nozzle pumps has been made by 
M. J. Copley, 0. C. Simpson, H. M. Tenney, and T. E. Phipps.^^ The 
following description of the experimental arrangement, tests, and results 
obtained is quoted from their paper: 

Six diffusion pumps with divergent nozzles have been constructed and their speeds 
measured as a function of the annular area between the end of the nozzle and the 
condenser wall. Figure 25 shows the construction of nozzle and nozzle chamber. 
The dimensions of the nozzle were calculated from simple turbine theory*® to fit the 
following assumed conditions: working substance, mercury vapor; pressure at throat, 
10 mm of Hg;*® pressure at mouth, 10“® mm of Hg. The same nozzle dimensions 

Rev, Sci. InstrumentSf 6, 265 (1935). 

®® Crawford, Phys. Rev,, 10, 557 (1917). 

®® This corresponds to a temperature of about 184® C. 
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were employed throughout the series (Pumps 1-6, Table 7): namely, an inner 
diameter of 0.3 cm at the throat; an inner diameter of 2.4 cm and an outer diameter 
of 2.6 cm at the mouth; a length along the axis of 11.8 cm; and an angle of divergence 
of 10®. The clearance a, which is the width of the annular space between the end of 
the nozzle and the condenser wall, was varied in the series from 0.6 to 1.6 cm. 

Speeds were measured in all cases at the entrance to the nozzle chamber (B, Fig. 
25). The speed was measured in the usual manner: air was admitted at a measured 
rate from the atmospheric into the high-vacuum side of the pump at L (Fig. 25); a 
McLeod gauge connected to the entrance of the nozzle chamber at B measured the 
pressure for different rates of admission of air. 



Fig. 25. Design of nozzle and nozzle chamber (Copley et alii). 

Table 7 shows the results obtained on six pumps with divergent nozzles, 
one pump with straight nozzle, using mercury, and two pumps with 
divergent nozzles using one of the esters. The design of the last is 
shown in Fig. 6.6. 

The observations show that, while the speed increased with annular 
area, the speed factor passed through a maximum for pump 2. Com- 
parison of these results with those obtained by Ho for multiple-nozzle 
pumps shows that the speed factors of the latter are lower than those of 
the single-long-nozzle series. The single test on pump 7 shows that a 
long straight nozzle is not as efficient as a divergent nozzle. The 
authors state, 

The above observations appear to establish a superiority of speed factor for pumps 
with long divergent nozzles over the straight nozzle type and over short divergent 
nozzle types, whether of single or multiple nozzle design. 

The speed factors obtained for pumps 8 and 9 with butyl phthalate are seen to be 
in excellent agreement with those in the series of smaller pumps at the same annular 
vjidth. 
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It is furthermore stated that, with pump 4, an ultimate vacuum of less 
than mm of mercury was obtained, as measured by an ionization 
gauge. 


TABLE 7 

Data upon Speed of Pumps with Long Divergent Nozzles* 


Pump 

No. 

Annular 

Width 

(mm) 

Annular 

Area 

(cm*) 

Boiler 

Pressure 

Head 

(mm) 

Speed 
at B 

(1 • sec"*) 

Speed 
at C 

(1 • sec”*) 

Ideal 
Speed at 
Annulus 
(1 • sec-*) 

Speed 

Factor 

1 

6.0 

6.03 

9-15 

35 


70 

0.50 

2 

7.0 

7.26 

9-15 

50 

35 

85 

.59 

3 

10.0 

11.3 

9-15 

66 


132 

.50 

4 

12.0 

14.3 

15-20 

74 

39 

167 

.44 

6 

14.0 

17.6 

20-25 

77 


206 

.37 

6 

16.0 

21.1 

20-25 

99 


247 

.40 

7 

7.0 

7.26 

1 

26 


85 

.31 

8 

9.0 

24.0 

70 

143 


281 

.51 

9 

12.0 

33.2 

70 

175 


388 

.45 


♦ Pumps 1 to 6: all glass; long divergent nozzle; mercury. 

Pump 7: aU glass; straight nozzle; mercury. 

Pumps 8 and 9: composite metal-glass; long divergent nozzle; n-dibutyl 
phthalate. 

The vapor pressure of mercury is 1 mm at 126° C and 20 mm at 206° C, 


Figures 26 and 27 show sketches, drawn to scale, of two variations of 
the Copley pump which are due to W. B. Nottingham. In actual 
experience in this laboratory these pumps have been found to yield 
excellent results with respect to both speed and ultimate vacuum. 


8. ROLE OF DIFFUSION AND CONDENSATION IN VAPOR-STREAM 

PUMPS 

As stated in section 4, Langmuir has stressed the part played in his 
doaign of pump by condensation of mercury on the cooled surface near 
the gas inlet. On the other hand, in the paper published in 1923,^® 
Gaede maintained that Langmuir’s construction is nothing more than 
a diffusion piunp. One of his principal arguments was that the shortest 
distance (d) between the nozzle L (Fig. 11) and the condensation 
surface must be less than L, the mean free path of the molecules. How- 
ever, as was pointed out in the previous section, at the pressures of 

" Z. tech. Phytik, 4, 337 (1923). 
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mercury vapor used in the condensation pump, L is of the order of 10~^ 
cm, which is considerably less than d. Furthermore the argument was 
advanced in that connection that this condition is essential in order to 
prevent the back diffusion of gas into the high-vacuum chamber. But 
Gaede contended that a considerable number of mercury molecules 




Fig. 26. Convergent nozzle type Fig. 27. Divergent nozzle 

of vapor pump. (Nottingham.) type of vapor pump. (Not- 

tingham.) 

which leave the nozzle also possess components of velocity in a direction 
opposite to that of the main stream, and that consequently there exists 
a high probability that gas molecules will be scattered in the same 
direction. 

Because of the existence of this differences of opinion it has seemed 
to the writer that the term ‘Vapor-stream^' pumps, suggested by E. N. 
daC. Andrade, is probably a very satisfactory designation. 

Encydopcsdia Britannica, 14th edition, Vol. 22, p. 930. The shorter designation 
"vapor pump” has been used by the writer. . 
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Moreover, this seems justifiable in view of the theoretical investi- 
gation published by W. Molthan,^^ and the more recent work carried 
out by P. Alexander^^ on the design of a very high-speed mercury- vapor 
pump. 

Molthan concludes in his paper that the velocity of the vapor (in a 
straight nozzle) cannot exceed that of sound and is therefore of the same 
magnitude as the molecular velocities.^^ In the following discussion we 
shall assume that the vapor is flowing out of a nozzle, such as L in Fig. 
11, in a downward direction, and shall therefore describe the motion of 
molecules which are scattered back into the chamber E as moving 
upward. 

If the vapor enters a space in which the gas pressure is appreciable, it 
will have the form of a jet, in which practically all the vapor molecules 
are directed downward. There is a slight lateral expansion of the jet 
as the distance from the nozzle opening increases, and eddies are formed 
at the boundary between the jet and gas. The gas flows into the jet 
by suction, as pointed out by Langmuir. 

A high vacuum cannot be reached in this manner whenever the gas 
pressure becomes less than that of the vapor, since molecules of the 
vapor are scattered in all directions and push the gas molecules back- 
ward. 

If, however, the vapor enters a vacuum with a velocity equal to that 
of sound, as in the vapor-stream pumps, the stream must spread out in 
the manner shown in Fig. 28, reproduced from Molthan’s paper. In 
this diagram ‘The dotted line is always at right angles to the stream line 
and its length between two stream lines is proportional to the mean free 
path within the angular range under consideration. In this manner, it 
is found that the mean free path of the gas molecules at the place of 
entrance into the vapor stream in the direction of a is about 75 times 
longer than the mean free path at h in the range of the main vapor 
stream.^' This conclusion depends upon the assumption that is 
greater than the diameter of the nozzle opening — a condition that is 
obviously fulfilled in all vapor-stream pumps. It will be observed that, 
on the basis of Molthan's conclusion, the value of L for molecules of air 
in the diffusion slit in the case of mercury vapor at 1 mm pressure would 
be 76 • 7.2 • 10”*^ = 0.54 cm, which is of the same order of ma^itude as 
the width of the slit. 

‘Tn the diffusion pump,'^ as Molthan states, “the bulk of the vapor 

tech. Physik, 7, 377, 452 (1926); 8, 80 (1927). 

J. Sd. Instruments^ 23, 11 (1946). 

See the discussion in section 1 of this chapter. 

L * mean free path. 
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flows downward while only a slight amount of vapor is flowing back 
and upward, so that the gas can diffuse into the part of the vapor 
which flows downward/' 

Furthermore, according to Molthan, it is possible to use the same 
pump first as ejector, and then as diffuser. At higher pressures, where 
L is small compared to the width (d) of the suction slit, the pump may 



Fig. 28. Scattering of mercury-vapor stream at the mouth of straight nozzle. 
(Molthan). The distance between two stream lines is proportional to the mean 

free path. 


function as a v^por-jet pump until a pressure is reached at which L is 
comparable with d, and then the pump begins to act as a diffusion pump. 
This is especially true of two-stage pumps and those with a larger number 
of stages. 

The investigation by Alexander undoubtedly represents a very im- 
portant contribution towards the elucidation of the mechanism of 
operation of vapor pumps. 

He has shown that on the basis of theoretical considerations the 
pumping effect of a vapor pump cannot be explained by Gaede's theory 
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of diffusion. In view of the fact that for air at room temperature the 
speed of effusion through an opening is 11.67 liters • sec"”^ • cm~^, it is 
simply impossible to obtain any appreciable speeds of exhaust through 
a slit which must be made very fine in order to maintain a value of 
L/d of approximately unity at fore-pump pressures of the order of 0.1 
mm. 

Accordingly Alexander has investigated more carefully the nature of 
the processes that occur at the nozzle of a vapor pump, by which the 
streaming vapor removes the gas molecules entering the space around 
the nozzle. From experiments with a specially designed nozzle he 
found that the velocity of the mercury-vapor stream varied^ with different 
rates of heating of the mercury in the boiler, from L2 to 3,4 times the 
value of the most probable velocity of mercury molecules at the temperature 
of the vapor, With the value of the ratio equal to 1.2, it may be 
deduced from the Maxwell-Boltzmann distribution law ‘‘that 44 out of 
1000 molecules of mercury" will escape the vapor stream into the space 
above it.’’ 

In order to determine the manner in which the mercury- vapor stream 
spreads out after passing through the gap of the nozzle, special ex- 
periments were carried out in which determinations were made of the 
weights of cadimum vapor condensed on small glass sheets placed in 
different directions from that of the vapor stream. 

These observations show, according to Alexander, 

that the vapor stream remains quite compact for a considerable distance from the 
nozzle: the density of the vapor diminishes rapidly with the angle in all directions; 
very little vapor spreads in a direction at right angles to the streaming direction. 

The conclusions drawn are as follows: 

Due to the high, downward-directed momentum of the mercury molecules the gas 
molecules entering the vapor stream from the mouth of the pump will receive higher 
velocities than those which correspond to the temperature of the gas. Therefore the 
streaming velocity of the gas below the nozzle will be higher than above it, and the 
density of the gas in this region will be lower. Further, below the nozzle, the vapor 
gets less dense and its driving effect on the gas diminishes and finally ceases. The 
streaming velocity of the gas decreases accordingly and its density increases. Thus 
the density of the gas will be at a minimum in a region just below the nozzle, and will 
gradually increase below this region, reaching a maximum further below, nearer to 
the backing outlet. The mercury stream has to be dense enough to prevent the gas 
from streaming backwards from the high-density region to the region of lowest 
density. The wider the throat of the pump the lower the density of the vapor will 

^ It will be observed from this statement and the considerations advanced by 
Alexander in the following discussion that according to Alexander the operation of 
the vapor pump is quite similar in many respects to that of the steam ejector. 
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Fig, 29. Isobars showing distribution of pressures (Pmm) at different points below 
the nozzle of a mercury-vapor pump (Alexander). The thick line ^is the isobar 
with a value equal to the pressure at the opening of the pump/ 
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be, and it will be lowest along the wall. Evidently, at a certain width of the throat 
the vapor stream along the wall will not be dense enough to ‘‘seal off” the compressed 
gas, and the gas will spread backwards along the wall into the low-pressure space. 

The graphs in Fig. 29 show the experimental confirmation of this idea. They 
represent that part of the half cross-section of the pumptng space which lies between 
the mouth of the pump and the backing outlet. 

The pressure readings obtained at different points below the nozzle 
are shown as isobars, with the pressure marked in the left-hand column 
of each diagram. The thick line is the isobar with a value equal to the 
pressure at the opening of the pump. 

The pressure at the inlet Pmnty the backing pressure bP^m, and the 
speed of the pump S (liters • sec~^) in each set of readings were as follows: 

Diagram I II III IV 

Pmm 6 • 10-3 1.05- 10- 2 2 • lO'^ 6.6- 10“2 

6Pmm 0.13 0.2 0.23 0.31 

S 135 130 83 34 

Plots of the speed of the pump versus pressure showed a gradual 
increase with increase in pressure P to a maximum, followed by a rather 
steep drop with further increase in pressure. At the maximum, 

the sealing effect of the vapor starts to break down and air streams backward along 
the wall. The critical value of the working pressure where this decline sets in is 
higher if the heat input and the mass of circulating mercury is larger. 

Alexander continues, 

Summing up the results obtained, the pumping effect of the vapor stream can be 
described as follows. 

(1) The high-velocity vapor stream directed in the pumping direction sweeps 
away the gas from the space in front of the nozzle, thereby creating a region in which 
the molecular density of the gas is a minimum. The gas swept away is driven by 
the vapor stream in the direction of the backing outlet at a higher velocity than that 
which the gas would obtain by streaming along any pressure gradient. 

(2) Farther away from the nozzle the vapor loses its density by expansion and 
condensation on the wall, and the gas loses its streaming velocity. Thereby a region 
is created in which the density of the gas reaches a maximum. 

(3) The condition of efficient working of the pump is that on any line parallel to 
the pumping direction such a point of minimum and maximum gas density should 
exist. This condition is never perfectly fulfilled above a certain limit of the working 
pressure, which limit depends on the density and velocity of the vapor stream and 
on the design of the pump. 

(4) Provided that condition (3) is fulfilled, the speed of the pump is directly pro- 
portional to the area of the throat. 

A pump designed on the basis of this theory is described as follows: 

A high pumping speed will be reached if (1) the area of the throat is as large as 
possible, (2) the nozzle is directed straight into the pumping direction, (3) the 
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density of the vapor along the outer wall is as high as possible, and (4) both walls 
enclosing the pumping space are cooled. In order to extend the range of pressures 
within which the pump works efficiently, three parameters have to be controllable, 
namely, the heat input, the width of the throat and the gap of the nozzle. 

Conditions (1) and (2) seem to be contradictory to condition (3), because a large 
area of the throat and a straight downwards directed nozzle mean lower density of 
the vapor along the wall. This difficulty is largely overcome by 
shaping the outer wall so that it is not parallel to the pumping 
direction. In Fig. 30 the line th is the width of the throat, N the 
nozzle, and the arrow shows the pumping direction. The line d 
can be regarded as the boundary within which the densest part 
of the vapor is concentrated, and the density along the wall at 
the point P depends on the length of this line. By constructing 
the water-cooled wall W in such a way as indicated by the broken 
line, the length of d can be considerably reduced without re- 
ducing th. The consequent reduction of area will not impede 
the flow of gas as the pressure of the gas in this region is com- 
paratively high. 

Figure 31 shows the schematic cross-section of the pump. 

The boiler-head is essentially the same as in the prototype pump, 
but the nozzle is directed straight downwards, wj is the outer 
water-jacket and hvj is the inner water-jacket surrounding, but 
not touching, the central tube. The central tube is telescopic, 
so that the nozzle can be lowered or raised in such a way that 
the nozzle orifice can be in any position between the points t and 
h. The tube forming the main body of the pump is 17.5 cm in 
diameter, and it widens conically at the top end to 27.5 cm. The 
second boiler tube and nozzle in the lower part of the pump 
forms a ‘^second stage” which has no direct influence on the 
pumping principle and therefore it has not been discussed in this 
paper. Its main function is that it enables a higher backing pres- 
sure to be used and so the use of a smaller backing pump is pos- 
sible. 

Depending on the position of the boiler-head the width of the throat varies between 
1.5 and 5 cm, and its area between 86 and 353 cm^. The gap of the nozzle varies 
between 1 and 3 mm. The mercury is heated by an electric heater, and the 
heat input can have any value up to 12 kw. At working pressures above 5 • 10~^ mm, 
12 kw heat input and the smallest throat give the best pumping speeds, while at the 
lowest pressures only 2.7 kw heat input is needed and the largest throat should be 
used. It is a simple matter to control the position of the nozzle from outside through 
a gland so that the optimum adjustment may always be used. 

In Fig. 32 graph I shows the maximum pumping speeds between the working 
pressures of 10’'^ and 10““^ mm, obtainable by using the optimum adjustments for 
each pressure range. Graph II shows the highest pumping speeds of the prototype 
pump. Not only the absolute pumping speed but also the efficiency of this pump is 
much higher than that of the prototype pump. While the former gives at 10“® mm 
pressure a pumping speed of 85 l/sec for each kilowatt of heat input, new pump 
gives 280 l/sec. At 10“* mm the pumping speed of the prototype pump for each 
square centinaeter of throat area is 1.2 l/sec, the new pump’s corresponding figure 
is 2.81/sec. 



Fig. 30. Illus- 
trating principle 
of new mercury- 
vapor pump 
(Alexander). 



Liters per second 



Fig. 32. Log-log plots of speed versus fine pressure for mercury-vapor pump shown 
in Fig. 31 (I), compared with “prototype pump” (II). 
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The backing pump used was the same as that used with the prototype pump. 
It hafi been found that the pumping speed is, within wide limits, independent of 
the backing pressure, especially at lower working pressures. Below a pressure of 
1.5 • 10”^ mm the pumping speed is constant up to a backing pressure of 2.5 mm. 

These observations and conclusions are evidently in agreement with 
the views expressed originally by Langmuir regarding the mechanism of 
operation of the vapor pump and the importance of the condensation 
effect. As, furthermore, Alexander points out, his observations are in 
distinct disagreement with Gaede^s contention that all vapor pumps 
function as diffusion pumps, and these conclusions are further confirmed 
by the observations shown in Table 8 on the performance of the new 
pump. In this table, H denotes the heat input in watts, th the width 
of the throat in centimeters (see Fig. 30), and A is the area of the throat 
in square centimeters, so that S/A is the speed in liters • sec“"^ • cm"”^ at 
the pressures indicated in the table. 

TABLE 8 

Performance of Mercury-Vapor Pump (Alexander) 


S/A 


H 

Ih 

10 ^ mm 

10 ^ mm 

2 X 10“^ mm 

10”"^ mm 

12,000 

1.50 

0.9 

1.4 

— 

3.2 

12,000 

3.30 

0.9 

1.4 

— 

2.6 

12,000 

5.00 

0.9 

1.4 

— 

2.5 

9,250 

2.25 

1.3 

1.7 


3.3 

9,250 

3.10 

1.3 

1.7 

— 

2.9 

9,250 

5.00 

1.3 

1.7 

— 

2.8 

2,700 

1.50 

2.0 

2.2 

2.5 



2,700 

3.30 

2.0 

2.0 

1.9 

— 

2,700 

5.00 

2.0 

1.9 

1.6 

— 


Finally the author states that a second pump has been constructed 
which has a speed of about 1400 liters • 8ec“^ in the pressure range 10~^ 
to 10“^ mm, with a maximum speed of 4 liters • sfec~^ • cm““^ of throat 
area. 

The lowest pressures mentioned in the paper are in the range of 
10"^ mm, and an extrapolation of the plots of S versus P indicates that 
the speed decreases at still lower pressures. This is probably due to 
back diffusion of gas through the throat, in accordance with equation 
2.16, which increases with increase in the width of the throat. 
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One fact of interest in connection with high-speed mercury-vapor 
pumps is that thermal efficiency, that is S per kilowatt energy input, 
increases with S, For instance, a mercury- vapor pump having a 
speed of 10 liters • sec~^ may require about 50Q watts at a fore-pump 
pressure of 1 to 2 mm; and pumps are available which have a speed of 
50 liters • sec“^ with the same energy input. In the case of the mer- 
cury-vapor pumps designed by Alexander, the speed per kilowatt input 
varies from 85 to 400 liters • sec'Vkw with increase in speed. This 
is no doubt largely due to the fact that radiation and conduction losses 
per unit volume of pump decrease with increase in size. The same 
observation also applies to oil-vapor pumps, as will be evident from the 
discussion in the following chapter. 

9. DESIGN OF COOLING TRAP AND SUBSTITUTES FOR LIQUID AIR 

In the discussion in the preceding sections, the speeds mentioned refer 
to the values observed at the pump inlet. However, since it is usually 
necessary, in particular applications, to keep mercury vapor out of the 
system to be exhausted, some provision must be made for this purpose. 
If a pressure of the order of micron is to be maintained in a system, 
mercury, which has a vapor pressure of 0.185 micron at 0° C, must be 
prevented from diffusing into the system. This may be accomplished 
by means of gold foil, sodium, or potassium with which the mercury 
reacts to form an amalgam.^^ However, the more usual method involves 
the use of a trap which is cooled by either solid carbon dioxide in acetone 
or by liquid air. As shown in Chapter 11, Table 13, the vapor pressure 
of mercury at —78,6° C, the temperature of sublimation of solid carbon 
dioxide, is about 3 • 10~® micron, and hence this temperature should be 
sufficiently low to achieve a satisfactory removal of mercury. But it is 
important to observe that, at this temperature, the vapor pressure of ice 
is as high as 0.5 micron, and, while the mercury-vapor pump does remove 
water vapor, the rate at which this vapor is eliminated from the system 
is not as high as when the trap is cooled in liquid air. 

As mentioned previously, the insertion of such a trap decreases the 
effective speed of pumping, and therefore it is important to use a trap 
which shall have the maximum practicable conductivity. Furthermore, 
this trap must be designed to present a maximum of condensation sur- 
face for any mercury vapor that diffuses into it from the pump. 

As shown in Chapter 2, section 2, the maximum conductivity for the 
conventional^® construction of trap is obtained by making the outside 
See subsequent discussion in this section. 

By ^'conventionar’ is meant the type illustrated in Fig. 2.3, which is immersed 
in a Dewar flask containing the refrigerant. 
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diameter as large as practical, and making the inside diameter of the 
inner tube 0.62 of that of the inside diameter of the outer tube. In 
order to obtain as large a surface as possible for condensation of mercury, 
the length must not be decreased to an abnormally low value. 

Another, less conventional, design'^® is shown in Fig. 33. Though 
this has a higher conductivity for gas flow, it leaves one surface exposed 
to room temperature. This, of course, can be 
taken care of by heat insulation. 

The effect of the added resistance due to the 
trap obviously becomes more pronounced, the 
greater the intrinsic speed of the pump, and 
therefore the use of baffles has been proposed. 

As will be pointed out in the next chapter this 
suggestion has found extensive application in 
connection with oil-vapor pumps. 

An elaborate development of this idea has 
been described by D. L. Northrup, C. M. Van 
Atta, and L. C. Van Atta.^^ A gear pump is 
used to circulate butyl alcohol which is cooled by Dry Ice, in a coil 
surrounding a cylindrical tube and welded to it for good thermal con- 
ductivity. This tube, which is as wide as the opening to the mercury- 
vapor pump, is located between the pump and the system to be ex- 
hausted, and inserted in it is a ^Vinding staircase^^ of baffle elements 
which may be welded to the walls. By means of this arrangement the 
temperature of the trap may be maintained in the range —50° to 
-78.6° C. 

For continuous operation a standard refrigerating equipment is 
recommended in which ^‘Freon^^ is circulated by means of a compressor 
unit through an expansion coil of copper tubing. 

According to the above-mentioned investigators, 

the vapor trap and refrigerant unit described above have been used in conjunction 
with a 130-liter per second mercury diffusion pump in evacuating a porcelain-tube 
accelerating tube. In this evacuated volume of 450 liters with a measured rate of 
leak of 5 • lO""® liter per second at 1 millimeter, the equilibrium pressure after 24 hours 
of pumping was 1 • 10“® mm Hg without liquid air and 6 • 10”^ mm Hg with liquid 
air added to a re-entrant trap in the main volume. 

A metal construction of this type is shown in Bulletin 10, **High Vacuum 
Apparatus,” by Central Scientific Company. T. H. Johnson, J. Franklin Inst.y 205, 
99 (1928), has described a modification of the design shown in Fig. 33, which not 
only has high conductance (about 10 liters • sec"^) and large surface area for the 
condensation of mercury but also reduces to a minimum the probability for back- 
diffusion of mercury into the system. 

Rev» Set, InatrumeniSy 11, 207 (1940). 



; System 


Fig. 33. Alternative 
design of liquid-air trap 
of glass. 
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In the commercial dehydration of products such as penicillin cold 
traps have been utilized extensively, and the design of a large rotary 
condenser type of cold trap is shown in an interesting paper by R. S. 
Morse, which discusses the subject “high-vacpum technology.’^ The 
refrigerant is circulated around a chamber in which the ice is collected 
and then removed by means of scraper blades. 

As substitutes for liquid air a number of investigators have suggested 
the use of traps which contain sodium or potassium, which react with 
mercury vapor to form amalgams some of which possess extremely low 
vapor pressures at room temperature. 

F. E. Poindexter®^ and A. L. Hughes and Poindexter®® reported that, 
by use of potassium, pressures of mercury vapor as low as 10“® mm 
were obtained, as measured by an ionization gauge. Poindexter cal- 
culated that the vapor pressure of a 1 : 1 sodium amalgam at 20° C is 
about 3 • 10“® mm, and he concluded that “a trap containing 10 g of 
sodium should hold the mercury vapor beyond the trap down to 10“® mm 
for over two years. ”®^ 

The chief objection to the use of the alkali metals to replace liquid air 
is that the trap has to be reactivated by distilling into it fresh alkali 
metal each time the system is opened to the atmosphere. 

In a paper by K. W. Hunten, G. A. Woonton, and E. C. Longhurst®® 
the development of a specially designed trap is reported ^Vhich is self 
reactivating even after admission of moist air and which, therefore, can 
be used with systems which are repeatedly brought to atmospheric 
pressure by the admission of dried or even undried air.’’ Alloys of 
sodium and potassium containing 3 to 5 per cent potassium, which are 
liquid at room temperature, are much more satisfactory than either 
potassium or sodium alone. According to the authors the effectiveness 
of these alloys “is presumably due to the ability of the small amount of 
liquid solution present to wander about among the crystals of sodium 
and transport mercury from the surface to the interior of the mass.” 
Furthermore, “Over a period of twenty-two days, a vacuum system 
protected by this type of trap was pumped repeatedly from atmospheric 
pressure to 5 • 10“^ mm Hg; during this time the trap required no 
attention.” 

J, Ind, Eng. Chem., 39, 1064 (1947). 

J. Optical Soc. Am., 9, 629 (1924), also Phys. Rev., 28, 208 (1926). 

Mag., 60, 423 (1925). 

See Chapter 11, section 4, for discussion of the vapor-pressure data for amalgams 
of sodium and potassium. 

Rev. Sd. Instruments, 18, 842 (1947). The writer is indebted to Dr. Hunten 
for a copy of the paper before publication. Detailed information on the method 
used for introducing the alkali metals into the trap is given in the original publication. 
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In this connection mention should also be made of the application by 
G. W. Lobb and J. Bell®® of liquid amalgams of Na-Bi and Li-Bi in a 
high-vacuum cut-off. Amalgams containing about 0.2 per cent sodium, 
lithium, and bismuth have vapor pressures of about 5 • 10~® mm at 
room temperatures and have proved satisfactory for sealing off a part 
of a vacuum system from the pump. The freezing points are about 
—44° C (compared with —39.6° C for mercury). 

J. Sci. Instruments, 12, 14 (1935). 



CHAPTER 5 


VAPOR PUMPS USING ORGANIC LIQUIDS 

1. INVESTIGATION OF SUITABLE LIQUIDS 

In 1928 C. R. Burch, ^ of the Metropolitan-Vickers Electrical Com- 
pany, Ltd., England, observed that mercury could be replaced in con- 
densation pumps by certain high-boiling-point petroleum distillates. 
One such product is described by him as having a vapor pressure of 1 
microbar at 118^^ C and capable of being heated to a temperature cor- 
responding to a vapor pressure of 100 microbars. Using this liquid in a 
condensation pump, Burch was able to obtain a vacuum of 10“^ microbar 
without the customary liquid-air trap. As a result of this work many 
metal pumps have been designed by the Metropolitan-Vickers Company 
in which these petroleum hydrocarbons known as Apiezon A and 
Apiezon B replace mercury. 

These observations were followed up in this country by K. C, D. Hick- 
man^ and his associates, who have carried out a great deal of experi- 
mental work both on ^ ^molecular distillation^^ and on the development of 
vapor pumps in which organic liquids replace mercury. 

The contributions made by this group of investigators, with respect 
to high-vacuum technique, have been along two directions: first, the 
synthesis of pure organic compounds which can be used satisfactorily 
in a vapor pump; and, second, development of designs of pumps which 
will operate efficiently in producing the desired degree of vacuum. 

It should be observed in this connection that there exists a funda- 
mental difference between mercury and organic liquids: whereas all 
gases and vapors are insoluble in mercury, the organic oils dissolve all 
kinds of gases and vapors, forming not only true solutions but also 
different types of metastable compounds. Hence, the oils have to be 
constantly purged, and, as will be shown in the subsequent discussion, 
this objective has been regarded by Hickman and his collaborators as 
fundamental in the development of both oils and pumps. 

^ Nature^ 122, 729 (1928); Proc. Roy, Soc. London^ A, 123, 271 (1929). 

* Formerly of the Eastman Kodak Laboratories, later Director of Research of 
the Distillation Products, Inc., Rochester, N. Y. 
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Figure 1 shows a relatively simple form of glass pump designed for 
use with di-n-butyl phthalate or butyl benzyl phthalate. The system 
to be exhausted is connected at A and the fore pump at B. A gauge for 
measuring low pressure is connected at C. Only a mild form of cooling 
is required, and, with tubes 1.5 cm in diameter or less, “copper wire 
coiled and looped about the stem will produce excellent cooling.” 



P^o. 1. Simple form of glass pump for use with oil vapors (Hickman). 

With this construction and the phthalates mentioned above, it was 
found possible to obtain pressures as low as 10“® mm at speeds as high 
as 9.5 liters • sec~^, against a fore-pump pressure of approximately 
0.1 mm. 

Experience with the earlier types of Apiezon and butyl phthalate 
pumps led to the recognition that in the presence, in these liquids, of 
even extremely small traces of more volatile constituents the vacuum 
would be spoiled by diffusion of these impurities into the high-vacuum 
side. This led to an investigation by Hiokman® of a design of pump in 
* J. FranMin Inst., 221, 215, 383 (1936). . 
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which ‘‘the oil constituents will be separated in the proper order by a 
mechanism which will preserve continuous fractionation and purging/^ 
It was shown that a pump having an extra compartment to segregate the 
impurities yields higher vacua than are usually obtainable with a given 
liquid. The ultimate pressure obtained at the "high-vacuum end of the 
pump is equal to the saturation vapor pressure of the purified liquid. 
Normally only slight cooling is required in order to prevent the actual 
wandering of oil into the high vacuum. Baffles also assist materially 
in this respect, as will be mentioned more fully in a subsequent section. 

For use in pumps of the fractionating design, Hickman and his 
associates have produced a number of esters which have shown satis- 
factory characteristics. Table 1 gives a partial list of these liquids^ 
with their chemical formulas, molecular weights (M), densities (p), and 
molecular diameters (5). The last were calculated from the densities by 
means of equation 8.44 in Chapter 1, that is, the relation 

7 / 

The phthalates are esters of phthalic acid, C 6 H 4 (COOH) 2 , which is a 
derivative of benzene, CeHe, while the sebacates are esters of the straight- 
chain hydrocarbon derivative sebacic acid, which has the formula 
H00C-(CH2)8-C00H. 

TABLE 1 


Composition and Properties of Esters (Hickman) 


Name 

Formula 

M 

P 

10*« 

Trade 

Desig- 

nation 

n-dibutyl phthalate 

C6H4(C00C4H9)2 

278.1 

1.0465 

8.64 


i • diamyl 
phthalate 

C^4(COOC6Hii)2 

306.2 

1.0190 

m 

8.90 

Amoil 

Di-2 ethyl hexyl 

phthalate 

C(iH4(COOC8Hi7)2 

390.3 

0.9796 

9.78 

Octoil 

n-dibutyl 

sebacate 

C8Hi6(COOC4H9)2 

314.3 

0.933 

9.25 


i • diamyl sebacate 

C8Hi6(COOC6Hu)2 

343.3 

0.9251 

9.55 

Amoil-S 

Di-2-ethyl hexyl 

sebacate 

C8Hi6(COOC8Hi7)2 

426.3 

0.9103 

10.32 

Octoil-S 


Direct determinations of the vapor pressures of the butyl and octyl 
phthalates have been made by K. C. D. Hickman, J. C. Hecker, and 

^ From catalogue of Distillation Products, Inc. See also J. Franklin InsL, 221 , 
383 (1936), for similar data on a number of other phthalates. 
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N. D. Embree,® using different forms of hypsometers. F. H. Verhoek 
and A. L. Marshall® have determined vapor pressures for butyl phthalate 
and dibenzyl sebacate as well as for some other organic liquids not only 
by means of the static methods used by Hickman and his associates 
but also from the loss in weight on evaporation according to the pro- 
cedures developed by Knudsen and Langmuir, 

Both sets of investigators observed that their experimental data could 
be represented very satisfactorily by a relation of the form 

logP = A-|- (1) 

where A and B are constants for each liquid. It should be observed 
that the latent heat of evaporation L, in calories per mole, is given by the 
relation 


L = 4.574B. (2) 

Equation 1 signifies that a plot of log P versus l/T should yield a 
straight line. Such plots for a number of the phthalates have been 
shown for the range 0.1 to 10 mm in the paper by Hickman.^ 

More recently, data on the vapor pressures of some of these esters and 
other oils used in vapor pumps have been obtained in the research 
laboratories of both the Metropolitan-Vickers Electrical Company, 
Ltd.,^ and the Distillation Products, Inc.^ 

A summary of vapor-pressure data obtained from these sources is 
given in Table 2. In the case of the data from reference (3), values of 
the constants were derived from large-scale plots of log P versus l/T, 
The values^® of P^ at 25® C were either calculated from the values of A 
and B or obtained by extrapolation. 

The abbreviations us0d to designate the esters investigated by Verhoek 
and Marshall are as fopows: 

iSi-m-cresyl phosphate m-Cr 
Tri-p-cresyl phosphate p-Cr 
Dibenzyl sebacate b-S 

® J, Ind. Eng, Chem.j Anal. Ed.y 9 , 264 (1937). 

® J, Am. Chem, Soc., 61 , 2737 (1939). See description in Chapter 6. 

7 J, Franklin Inst.y 221 , 383 (1936). 

® The writer wishes to acknowledge his indebtedness to Sir Arthur P. Fleming, 
Director of the Research Department of the Metropolitan-Vickers Electrical Com- 
pany, for permission to use the data given in a report by Dr. G. Burrows. 

® These values were kindly communicated to the writer by Dr. B. B. Dayton of 
the Research Laboratory of Distillation Products, Inc. Also see footnote to Table 2. 

These values correspond to the ^'ultimate vacua'* obtained with vapor pumps 
using these oils. 
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Two samples of the first-named ester, from two different sources, 
were investigated. 


TABLE 2 

\ 

Vapor-Pressure Data for Oils Used in Vapor Pumps* 








Degrees C for Pn 



Pis at 

Ester 

Ref, 

A 

B 

10» 

10^ 

10 

1 

10“^ 

10-* 

10-® 

26° C 

Butyl 












phthalate 

1 

14.215 

4680 

144 

110 

81 

56 

34 

15 

-1 

3.3 - 10-* 


2 

15.689 

5120 

134 

104 

78 

55 

35 

18 

2 

2.5- lO-’* 


3 

14.05 

4625 

145 

111 

81 

57 

37 

20 

4 

2.0- 10-* 


4 

14.50 

4780 

143 

109 

81 

57 

35 

17 

0 

2.9- 10-** 

Amoil 

4 

13.60 

4610 

162 

124 

93 

66 

43 

22 

5 

1.3- 10-® 

Octoil 

1 

15.116 

5590 

188 

153 

123 

97 

74 

54 

35 

2.3 lO-* 


3 

14.15 

5205 

194 

155 

123 

95 

72 

53 

35 

2.2- 10“^ 


4 

13.00 

4870 

214 

170 

133 

102 

75 

52 

31 

4.6- 10“^ 

Amoil-S 

4 

14.40 

5190 

182 

146 

114 

87 

64 

43 

25 

!• i(r® 

Octoil-S 

3 

14.26 

5514 

215 

177 

142 

114 

89 

68 

50 * 

2 • 10-® 


6 

16.54 

6434 

205 

171 

141 

116 

94 

74 

56 

9 • 10-* 

w-Cr(l) 

2 

15.886 

6088 

199 

165 

136 

110 

87 

67 

50 

3 • 10^® 

m-Cr (2) 

2 

13.982 

5373 

207 

175 

141 

111 

86 

63 

43 

9 • 10-® 

p-Cr 

2 

15.223 

6926 

212 

175 

144 

116 

92 

71 

62 

2 - 10-® 

b-S 

2 

15.775 

6320 

222 

186 

155 

128 

104 

82 

64 

4 • 10-* 

Arochlor 

3 



161 

123 

93 

67 

45 

27 

10 

8- 10-® 

Apiezon A 

3 



186 

144 

110 

82 

58 

37 

20 

2 • 10-® 

Apiezon B 

3 



206 

162 

127 

97 

73 

60 

31 

4 • 10“® 

Litton oil 

3 



209 

167 

132 

103 

77 

67 

38 

1.4 - KT® 

171 Dist. 

3 



213 

171 

135 

106 

81 

60 

42 

9 • 10“® 


* References : 

1. Hickman, Hecker, and Embree (1937), loc, cit, 

2. Verhoek and Marshall (1939), loc. cU. 

3. Metropolitan-Vickers (1946), personal communication. 

4. Values of constants deduced by S. F. Kapff and R. B. Jacobs of Distillation 
Products, Inc. 

6. Values of constants deduced from plot sent to the writer by Dayton of 
Distillation Products, Inc. 


The oils for which the data are given in the lowest five rows of Table 2 
are obtained from distillation of petroleum oils, and the data were taken 
from the large-scale plots. Arochlor is a chlorinated hydrocarbon. 
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Litton oil^^ is described as a straight-chain hydrocarbon of the general 
formula CnH 2 n, while ‘‘171 Dist/' is obtained as a distillate from 
Apiezon B. The values for A correspond to values of 
Recently considerable work has been carried out both in this and other 
laboratories on the use of silicone oils in vapor pumps. These investiga- 
tions are discussed in section 6 of this chapter. 

In his 1936 publication, Hickman reported the results of his investiga- 
tion on the behavior of these esters in vapor pumps and on suitable 
designs of pumps for utilizing these oils. Particular attention was given 
to the necessity, pointed out by C. R. Burch in 1932, of eliminating, 
from the oil, products which are more volatile and which result from 
thermal decomposition. The degree of vacuum attainable with different 
oils was measured by means of an ionization gauge, and, although the 
interpretation of the observed ion currents in terms of absolute pressures 
is probably questionable, these data did provide a measure of the 
relative pressures under similar conditions.^^ 

The most promising of a large number of synthetic esters were inves- 
tigated more thoroughly with regard to their thermal stability and 
general suitability in vapor pumps furnished with fractionating com- 
partments. 

Hickman states 

The rate of conditioning is of great practical importance. It is the factor which 
determines the period necessary to secure a high vacuum in an assembly which has 
previously been at atmospheric pressure. . . . The rate of conditioning is almost 
instantaneous with a mercury condensation pump. With oil pumps, it is more 
rapid with a saturated compound having little affinity for air than for an unsaturated 
compound, and in this respect, the phthalate esters are particularly useful. . . . The 
rate of conditioning of the three phthalates, butyl, amyl, and hexyl, is such that their 
optimum vacuums are reached in 10 to 30 minutes. 

While benzyl and octyl phthalates give higher vacuum they require 
longer periods for the first conditioning. 

A further characteristic investigated by Hickman was the “degree of 
maltreatment^' that could be tolerated. 

The degree of maltreatment, adopted as standard ip the experiments on hot ex- 
posure, was the admission of air at atmospheric pressure for exactly two minutes to 
the pump, previously boiling under vacuum, the heating current being maintained 
during the exposure. . . . Butyl, amyl, and hexyl phthalates showed no indications 
whatsoever of harm by this treatment. 

Marketed by Litton Engineering Laboratories, Redwood City, Calif. 

^*The relation between ion-current measurements and absolute pressures is 
discussed in Chapter 6, section 7. 
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Finally it is of interest to quote the conclusions reached by Hickman 
with regard to the choice of a satisfactory oil for fractionating pumps.^^ 

The highest (unmeasurable) vacuums recorded in this work were secured by using 
Apiezon A, amyl phthalate, or hexyl phthalate with a trap cooled by Dry Ice. When 
a mixture of ice and salt was used to replace the solid carbon dioxide, an equally high 
vacuum was obtained with hexyl phthalate. The vacuums given by Apiezon A and 
amyl phthalate trapped with ice and salt were nearly as good. 



Fig. 2. Design of fractionating vapor pump (Hickman). 

The highest vacuum obtained without a cooled trap at a room temperature of 
25° C was secured with octyl phthalate. Only slightly inferior were heptyl and 
benzyl phthalates. Heptyl phthalate proved to be the fastest in operation and most 
resistant to maltreatment. Either heptyl or benzyl phthalates employed in a three- 
compartment pump or other pump with fractionating features provide a ready source 
of vacuum of the order 10~® to 10“^ mm without the use of an absorbent or re- 
frigerated trap. 

Equally low pressures can be obtained with hexyl phthalate and a trap cooled with 
ice, or with amyl phthalate and ice and salt. 

Figure 2^^ shows a design of pump with fractionating features. 
Hickman observes with respect to this pump that 

The points to note are: A short wide vapor supply, cooling restricted to the upper 
portions of the jacket, and an abnormally large side arm leading to the mechanical 
pump. The side arm is provided with catchment lobes and its junction with the 
main portion is heavily lagged. The heat input is adjusted until there is perceptible 
refluxing in the arm, but the outflow of vapor is not allowed to exert sufficient back 
pressure to interfere with the jet performance. 

/. Franklin Inst., 221, 383 (1936). 

/. Franklin Inal., 221, 232 (1936). 
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Both hexyl phthalate and the Apiezon oils gave good performance in this 
design. 

One important fact about these oils, to which Hickman has drawn 
attention, is that 

the vapors are powerfully adsorbed to glass and metal surf aces , the degree of molecular 
crowding varying with every slight alteration of temperature. The walls of a 600-cc 
flask in equilibrium with a butyl phthalate vacuum at 26® C will evolve many 
thousands of volumes of gas on gentle warming. If the pressure is read immediately 
after cooling, it will be found to be less than that in the rest of the system owing to 
readsorption of the vapor by the walls. An ionization gauge that has been freshly 
torched and bombarded exerts a powerful ''getter^' action and may record a pressure 
a hundred times lower than that in the rest of the apparatus. 

As will be observed from the data in Table 2, the vapor pressures at 
room temperature of the oils listed there are much lower than that of 
mercury at this temperature (1 • 10“^ to 1 • 10”"^ micron as compared 
with 1.8 microns for mercury). This fact gives rise to at least two 
advantages possessed by oil- vapor pumps as compared with those using 
mercury vapor. First, it is necessary to insert, between the system and 
a mercury-vapor pump, a trap cooled to a sufficiently low temperature 
to prevent the diffusion of mercury vapor into the system. In oil-vapor 
pumps, especially those using higher-molecular-weight oils, the trap 
may be eliminated for a large number of applications. Usually, cooling 
the connection between pump and system with a blast of air, or the 
insertion of a baffle (see subsequent section), is sufficient to prevent 
even the slight amount of diffusion of oil vapor that might occur other- 
wise. Consequently it is possible to make full use of the maximum 
intrinsic speed of the pump. The second advantage is that water cooling 
can be eliminated and replaced by a cold air blast, which makes it possi- 
ble to operate the pump as a portable unit at locations where connections 
to the water supply and drains are not available. However, as will be 
pointed out m subsequent section, these advantages are partly balanced 
by certaiii^<4^j|cteristics of the behavior of oils. 

Note oi^li^pean Free Paths in Oil Vapors, The mean free path of 
a moleculi^feShitrogen or oxygen (A) in the vapor of the oil (B) at a 
temperature corresponding to a vapor pressure of 0.1 mm, can be 
calculated from equation 1.8,33. That is, 

1 

l + SOTs/mTAy 

Italics due to the writer. This characteristic is of special importance in using 
an ionization gauge to measure pressures in a system evacuated by an oil-vapor 
pump. 


La 


ttibSab 


L* \ 
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where ub = 9.656 • from equation 1.3.46; ua ^ and 

Ta = temperature of gas A, 

Thus, for Octoil-S, bs = 10.32 • 10""^, according to Table 1, and, since 
bA = 3.1 • 10~^ bAB = 6.71 • 10“®. 

At 0.1 mm pressure, Tb = 438. Hence, for Ta = 298, La = 
3.06 • 10""^ cm. At the same pressure, the mean free path of the mole- 
cules of Octoil-S, in the pure vapor, according to equation 1.8.206, is 
9.59 • lO-^ cm. 

These results are of interest in connection with the design of nozzles 
for use in the pumps, since, as pointed out in the discussion of mercury- 
vapor pumps, the width of the diffusion slit for optimum operation of 
the pump should be of the same order as the value of L for the gas being 
exhausted. 



2. NON-FRACTIONATING OIL-VAPOR PUMPS 

One of the earliest developments demonstrating the advantages of 
continuous rectification during the operation of oil pumps was due to 
J. A. Becker and E. K. Jaycox.^® An arrangement of two pumps, in 
series with a trap containing activated charcoal, was used, as shown in 
Fig. 3. 

The following description of the system is given by the authors: 

It consists of two air-cooled diffusion pumps, Pi and P 2 , connected in series: a simple 
charcoal trap, CT; a header, H, the tube to be exhausted, T] an ionization manom- 
eter, M, to measure the pressure; a fore trap, FT\ a reservoir, R\ a stopcock, S; 
and a fore pump. 

Sd, Instruments, 2, 773 (1931), 
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The diffusion pumps Pi and P 2 are identical. Each consists of a boiler, the lower 
half of which contains the oil, an aspirator nozzle, N ; a condensing chamber, C, and 
tubing, ORy through which the oil is returned to the boiler. A small cylinder of 
nickel gauze inserted in each boiler prevents violent bubbling. The shape of the 
boiler is such that it can be heated by a small electric oven placed around it. To 
conserve the boiler heat and to prevent excessive condensation of oil on the tubing 
leading to the aspirator nozzle, the boiler oven and this tubing are wrapped with 
asbestos cloth [not shown in Fig. 3}. No artificial cooling of the condensation 
chamber is necessary .... The charcoal trap, CT, consists of a nickel mesh cylinder 
filled with commercial activated charcoal. . . . This charcoal trap takes the place 
of the conventional liquid-air trap. 

The fore trap, FT, can be filled with hydrolo, alumina, charcoal or some other 
good absorbent material. Its function is to prevent the more volatile oil vapors of 
the fore pump from mixing with the low-vapor-pressure oil in the diffusion pump. 

The height, A, of oil in the tube OR is used to indicate the maximum 
temperature to which the liquid in the pump may be heated. 

The oils used in this work were Apiezon A and B and also n-butyl 
phthalate, butyl benzyl phthalate, and dibenzyl phthalate, which had 
also been investigated by Hickman and C. R. Sanford.^^ 

The exhaust procedure is described as follows: After the pressure in 
the system has been decreased to that produced by the fore pump, the 
traps, CT and FT, the tube T and the manometer M are baked out. 
When the temperature of the charcoal trap has reached about 400® C, 
the diffusion pumps are started. A bake-out period of 20 minutes at 
400® C is ordinarily sufficient for the charcoal trap, and a few minutes 
for the fore trap. 

The authors state, 

When larger tubes which require a prolonged baking of from one to several hours are 
to be exhausted, it is advantageous to continue the baking of the charcoal until the 
tube has been well outgassed. The charcoal should be kept hot until five or ten 
minutes before the tube is cooled. 

In the writer^s experience it is virtually impossible to obtain pressures 
below 10““^ micron until all parts of an exhaust system have been heated 
to a temperature of 200-300® C. 

Becker and Jaycox state that they were able to obtain pressures as 
low as 2 • 10”® micron. (Under ordinary operating conditions the 
pressure obtained is about ten times greater.) They also observed that 
the pressure increased whenever the ionization gauge was turned on. 
In fact, imless the electrodes in the latter had been outgassed very 
thoroughly it was not possible to obtain the best vacuum. 

The main conclusion drawn from this investigation was that it is 

Rev, Sci. JnstrumerUa, 1, 140 (1030). 
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possible by means of an oil-vapor pump to obtain just as low pressures 
as can be obtained by means of mercury-vapor pumps. 

In connection with their investigation on the design of a high-speed 
mercury-vapor pump I. Estermann and H. Ty Byck^® also developed a 



Fig. 4(a). Vapor pump for butyl 
phthalate (Estermann and Byck). 


pump for use with organic liquids. 
The design which was found to be 
satisfactory for mercury vapor could 
also be adapted for organic liquids, , 

if [as these investigators state] such changes 
in dimensions were made as were dictated 
by the different physical properties of the 
organic compounds. Their steep vapor- 
pressure curves call for a short wide connect- 
ing tube (which must be protected against 
cooling) between boiler and nozzle. The 
case of condensation permits a short cool- 
ing surface, and the lower vapor pressure 
at room temperature permits a larger clear- 
ance between nozzle and condensing wall. 



Fig. 4(6). Design of annular 
jet for butyl phthalate pump. 


A pump designed for use with butyl phthalate is shown in Fig. 4(a). 
With a fore-pump pressure of less than 0.1 mm Hg, a vacuum of less 
than 10”"® mm (measured with a McLeod gauge) was obtained and a 
speed of 15 liters/sec. “By replacing the coaxial cylindrical jet by a 
jet of the annular type [Fig. 4(6)] the pumping capacity could be 
increased about 60 per cent.^^ 

Pumps of this type could be operated very satisfactorily with Apiezon 


Rev, Sd, Inetnments, 8, 482 (1932). 
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oil, but then the fore-pump pressure had to be lowered to about 0.07 
mm Hg. 

Comparing the dimensions ^of the pump in Fig. 4(a) with those of 
the mercury-vapor pump shown in Fig. 4.22, it will be seen that, for the 
same size of opening at the top of the pump, the pump with oil gave 
higher values for the speed of exhaust than the one with mercury. 


Four Seven 

nozzle nozzle 



Fig. 5. Design and important dimensions of a four- or seven-nozzle oil-vapor pump 
(Zabel). In the main drawing the upper number is the dimension for the four- 
nozzle and the lower number the dimension for the seven-nozzle pump. The dimen- 
sions of the nozzles and their arrangement are shown separately for each pump. 

A high-speed oil-vapor pump designed by R. M. Zabel'® is illustrated 
in Fig. 6. In view of Ho’s demonstration of the advantages of multi- 
nozzle vapor jets in mercury pumps, two pumps were tested, one with 
four and the other with seven nozzles. At a fine-pump pressure of 
0.05 micron, the speeds obtained (liters • sec“') for air were 41 and 76, 
respectively, with a backing pressure of 20 microns. With suitable 
design of heating element and insulation, about 200 watts was required 
for operation of the small pump and about 300 watts for the larger pump. 

Rev. Sd. InttrumerU$, 6, 54 (.1935). 
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Mention has been made in the previous chapter of a divergent nozzle 
construction of a metal-glass pump designed by Copley, Simpson, 
Tenney, and Phipps,^® for use with butyl phthalate. This pump is 
illustrated in Fig. 6, and speed data are given in Table 4.6. 

A two-stage pump has also been described by H. W. Edwards^^ in 
which conical baffles were found to be ^^particularly effective in prevent- 
ing oil vapor from entering the chamber to be evacuated and at the same 
time in offering a minimum of impedance to the flow of gas through the 
pump.’’ 

A multiple-nozzle type of metal pump has been described by 
I. Amdur.^^ When operated with Apiezon B at a maximum fore-pump 
pressure of 30 microns, the speed obtained for hydrogen was 250 liters • 
sec“^ at 0.1 micron. The heat input was 630 watts. 

3. FRACTIONATING TYPES OF OIL-VAPOR PUMPS 

Mention has been made in the previous section of a fractionating type 
of pump designed by Hickman in 1936, which is shown in Fig. 2. 
Vertical, all-metal constructions, based on the self-fractionating prin- 
ciple, were also designed by A. E. Lockenvitz,^^ L. Malter and N. Marcu- 
vitz,^^ and C. Sykes and F. E. Bancroft.^® 

Figure 7 shows the construction used by Malter and Marcuvitz. 
The 1-in. scale at the lower left-hand corner gives an idea of the outside 
dimensions, and the original paper gives details of dimensions of cones 
and clearances. 

As these investigators point out, 

The vertical arrangement of stages is old. The actual geometry of the upper two 
stages, i.e., cone flares, wall clearance, outlet holes from outer cylinder A to cones, 
etc., was obtained from a three-stage pump designed by Hickman. Our modifi- 
cations reside in the first or bottom stage and in the introduction of fractionating 
cylinders B and C. 

The function of these cylinders is described as follows: 

During operation the condensate of the vapor issuing from the separate stages collects 
in the region surrounding the lower end of cylinder B, It is prevented from immedi- 
ately entering into the region between B and C by the small size of the apertures in 

Rev, Sci, Instruments, 6, 265 (1935). 

Rev. Sci. Instruments, 6, 145 (1935). 

Rev. Sci. Instruments, 7, 395 (1936). 

Rev. Sci. Instruments, 8, 322 (1937). 

Rev. Sci, Instruments, 9, 92 (1938). 

Chem. Abst., 32, 4393 (1938). See drawings of this pump and of the other two 
in the paper by K. C. D. Hickman, J. Applied Phys., 11, 303 (1940). 
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cylinder B. As a consequence, the lowest boiling-point fractions are boiled off before 
the remaining fluid passes into the region between B and C. In the same way further 
low boiling-point fractions are boiled off in the regions between cylinders B and C 
with the result that the fluid which finally works its way through the two sets of 
apertures into the interior of cylinder B is composed of the highest boiling-point 
fractions, or in other words, the fractions of lowest vapor pi*essure. 



Fig. 6 . Design of composite 
metal-glass • pumps 8 and 9 (see 
Table 4.6) for use with oils (Copley 
et alii). The glass-to-metal joints 
are shown at A A. 



Fig. 7. Vertical, all-metal vapor 
pump of fractionating type (Malter 
and Marcuvitz). 


Table 3 shows the ultimate pressures (as measured by an ionization 
gauge connected to the pump) obtained by these investigators, with and 
without the two inner fractionating cylinders. 

With 460 watts the pump operated against a fore pressure of 150 
microns, and with 600 watts the fore pressure could be increased to 
0.6 mm. 

It was found necessary in this design' to insert a baffle at the top of 
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TABLE 3 

Effect of Fractionating Chamber on Ultimate Vacuum 

^^Burned’’ 

Octoil Octoil Apiezon B 

Fractionating cylinders in 8 • 10“® mm 2.0* 10“^ mm 2.4- 10"*^ mm 

Fractionating cylinders 

removed 4 • 10“^ 9.0- 10“^ 1.0* 10~® 

the pump, as shown in the figure. Using Octoil-S, ^^the speed without 
this baffle varied between 70 and 80 liters • sec'”^ over a pressure range 
of 10“”^ to 10“*® mm of Hg. The insertion of the baffle reduced this to 
between 35 and 40 liters • It should also be mentioned that, 

according to the authors, ^Tt appears that octoil will stand punishment 
which will completely ruin Apiezon 

Following this work, Hickman^® devised a glass-and-metal frac- 
tionating pump of horizontal construction.^^ 

Figure 8^® shows a photograph of a water-cooled, three-stage frac- 
tionating pump made of Pyrex, and the same design has also been 
constructed for air cooling. A novel feature of this construction is the 
insertion of the heating coils in the liquid. In consequence of this, and 
of the face that the boilers are covered with insulating material, optimum 
efficiency is obtained for the transfer of heat to the oil. The high- 
vacuum connection is at the left, through an opening of iKe-in. inside 
diameter. The fore pump is connected at the right through an opening 
% in. in inside diameter. The total length is 25 in., and the height 13 in. 

The small boiler at the left functions as a sink for non-volatiles pro- 
duced during the operation of the pump. Special connecting tubes are 
provided between this reservoir and the space adjacent to the high 
vacuum as well as to the oil in the other boilers. 

The pump requires 200 g of Octoil-S and operates at a fore pressure as 
high as 0.10 mm, with a power input varying from 90 to 250 watts. 
The speed is stated to be 25 liters • sec""^ at 10”^ mm, and the ultimate 
vacuum, 5 • 10“® mm at 25® C. Values of the speed at a series of heating 
currents and fine pressures are shown in Fig. 9. 

*/. Applied Phys, 11 , 303 (1940) : Catalogue, type GF-25W. 

In his paper Hickman gives reasons for favoring horizontal rather than vertical 
construction. Two of the main advantages of the horizontal type are due, as pointed 
out by JY, p. 13, to the fact that the jet diameter is independent of the boiler area 
and that the heat input to the separate boilers can be regulated precisely. However, 
it should be observed that the larger sizes of metal pumps developed by the different 
manufacturers are of the vertical type. 

** Catalogue type GF-25A. 
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A line drawing of an air-cooled two-stage pump of the same type is 
shown in Fig. 10.^® At the maximum heater current of 1.8 amp, this 
has a speed of 26 liters • sec“”^ at about IGT^ mm and yields an ultimate 
vacuum, with Octoil or Octoil-S, of 7 • mm at 25° C. 



Fig. 8. Water-cooled, three-stage fractionating pump (Distillation 
Products, Inc.). 

For vacuum systems such as the electron microscope, cyclotrons, 
vacuum spectrographs, lens coating, and metal evaporation outfits, 
high-speed three-stage pumps have been developed such as shown in 
Fig. 11.^® While the illustration shows a glass container with aluminum 
insert of slits, a similar design has also been incorporated in an all-metal 
pump which has welded on the outer surface copper coils through which 
water is circulated for cooling. With an opening at the top, 3% in. 
in inside diameter, the speed obtained for air is 220 liters • sec”^ at 
mm pressure. The ultimate vacuum, with Octoil or Amoil-S, is 
about 5 • mm at 25° C, with a fore-pump pressure of 0.10 mm. 
At the rated speed, the value of the Ho coefficient is about 31 per cent. 
Pumps of this design provided with larger openings have been built by 
the Distillation Products for speeds as high as 15,000 liters • sec““^. 

To provide the low fore-pump pressure (10“"^ mm or less) required by 

Catalogue type GF-20A. 

Catalogue type GM-220AB. 
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10 “^ 10 “® 10 "® 10 “* 10 "^ 10 "^ 
High vacuum in millimeters of mercury 


Fig. 9. Semi-log plots of speed versus pressure obtained with pump shown in 
Fig. 8, at a series of heating currents. 



Fig. 10. Diagrammatic sketch of an air-cooled two-stage fractionating pump 
(Distillation Products, Inc.). 
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vapor pumps used for obtaining very low pressures, the same organiza- 
tion has also constructed a series of so-called booster pumps, which 
operate with butyl phthalate or butyl sebacate at the higher fore-pump 
pressures (up to 500 microns) such as are obtained from high-speed 



Frail. High-speed three-stage glass Fig. 12. X-Ray photograph, showing 

oil-vapor pump with metal insert construction of “booster” type of metal- 

(Distillation Products, Inc.). vapor pump (Distillation Products, Inc.). 


mechanical pumps. Figure 12 shows an X-ray photograph of a small 
booster type,^^ which has overall dimensions of 7^ in. by in. and a 
speed of 10 liters • sec~^ With octoil an ultimate vacuum of 1 • KT^ 
micron is obtainable. 


Catalogue type VMF-10, 
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Figure 13 is a side elevation of a pump developed by Hickman and 
G. Kuipers which operates as an oil ejector booster pump.^^ 

A boiler, A, is closed at one end but has a removable flange at the other. Vapor 
leaves from the vapor dome through a pipe, B, and is expanded through a jet, D, 
into a water-cooled diffuser B. The boiler and vapor pipe are heavily lagged as at 
J. Gas is taken into the system through the large flange, C, and is removed by the 
fore pump at K after cleaning by the baffle system, F. Condensed pump fluid 



Fig. 13. Side elevation of high-speed oil- vapor ejector pump (Distillation Products) . 

returns to the boiler through the line, H, with a working head, G. The most usual 
pressures are from 6 in. to 30 in, absolute. ... It is usual with the higher working 
pressures to keep the height of the apparatus small, placing a motor-operated return 
pump in the bend of the pipe, H. Heating of the fluid is generally done by electrical 
immersion elements placed in the boiler but not shown in the diagram. Suitable 
operating fluids in our order of preference are petroleum oils, narrow cuts of light 
lubricating fractions; chlorinated hydrocarbons, ethyl or propyl phthalate. The 
more volatile silicone pump oils will be admirable when their cost is materially 
reduced. 

The speed of the pump is stated to be 350 liters • sec*^^ at 100 microns 
and decreases to below about 100 liters • sec“"^ at 10 microns and also 
at 1 mm. 

** Catalogue type KB-300. The writer is indebted to Dr. Hickman for the 
drawing and also for a personal communication describing the pump. The passages 
quoted are from this communication which has been supplemented by material 
published by the Distillation Products, Inc., regarding speed and ultimate pressure. 
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The pump is especially useful in those operations, such as vacuum smelting, de- 
hydration, and distillation, where a pressure of the order of 20-100 microns must be 
maintained in systems where gas is continuously evolved. . . . The KB-300 as also 
effectively applied as a backing pump for exceptionally high-speed diffusion pumps 
such as the MC-7000 and MC-15000, or with installations of several parallel high- 
speed MC-500 pumps. 

Plots of the speeds of the different types of pumps built by the Dis- 
tillation Products are shown in Fig. 14. The dotted plot designated S4 
shows the speed of the KB-300 as a fore pump, and the plot designated 
RP shows the speed of a standard mechanical rotary pump, such as 
would be used to supply the fore pressure of a KB or MB pump. 



Millimeters of mercury 

Fig. 14. Semi-log plots of speed versus pressure for a number of vapor pumps 
designed by Distillation Products, Inc. 

The design of a three-stage all-metal pump, built by the National 
Research Corporation,^^ is shown in Fig. 15.^^ This has a 2-in. open- 
ing, operates either with Narcoil or mercury, and is water-cooled. 
Values of the speed,®® at 10"^ mm (measured by a McLeod gauge), in 
the vacuum system, obtained at a heat input of 200 watts, as a function 
of fore pressure, are shown in Fig. 16. It is of interest to note that for 
this pump as well as for other types of construction for which published 
data are available, the speed obtained with a given design of pump is 
greater with oil than with mercury. The observation that above a 

^ Cambridge, Mass. 

^ H-2 pump, type 111. 

1 cu ft • min~^ « 0.472 liter • sec””^. 



238 VAPOR PUMPS USING ORGANIC LIQUIDS [Chap. 6 

certain critical fore pressure the speed decreases rapidly to zero is charac- 
teristic of both oil- and mercury-vapor pumps. 

With pumps provided with 6-, 10-, and 16-in.-diameter inlet open- 
ings,^® the speeds obtained at 10“^ mm, with ^arcoil 10, are 1250 cu 



Fig. 16. Design of three-stage all-metal oil-vapor pump (National Research 

Corporation). 


ft'min“^ (590 liters • sec“^), 3000 cu ft^min””^ (1416 liters • sec~^), 
and 9000 cu ft • min~\ respectively. The maximum fore pressures are 
200, 450, and 250 microns, respectively. The ultimate vacuum obtained 
in these pumps is about 1 • 10""® micron. 

A booster pump built by the same organization is illustrated in 

H-6, H-10, and H-16 pumps, respectively. 
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Fig. 17.^^ It is a two-stage metal pump, water-cooled, and has a 6-in. 
inlet opening. With 6 kilowatt input and Narcoil, the speed is 1200 
cu ft-min~^ (566 liters • sec~^) at 7 to 1.5 microns and the pump 
operates at a maximum fore pressure of 500 microns. 

The Eimac vacuum pump, built by Eitel-McCullough,®® is of glass 
and has a metal insert of a three-stage jet assembly. The pump is 
fastened to the system and also to the fore pump by means of detachable 



Fig. 16. Plots of speed versus fore-pump pressure for pump shown in Fig. 15. 


collars and gaskets. Without a baffle, the speed is about 70 liters • sec'”^ 
the range 3 • lOT^ to 10~^ mm, approximately. With the baffle insert, 
the speed is reduced to about half the value. 

The Metropolitan-Vickers Electrical Company of England has also 
built a series of vapor pumps, which use oil distillates such as Apiezon A 
and B. Sectional views of two of these, designated type 03B and 
Metrovac 8-in., are shown in Figs. 18 and 19, respectively. These are 
all-metal, water-cooled and provided with a baffle at the inlet. The 
corresponding performance curves are shown in Figs. 20 and' 21 
respectively.^® 

T3rpe 107 B-6 pump. 

San Bruno, Cal. 

Further information on pumps built in England is contained in a pubUcation 
by R. Witty, /. Scu InstrumenUj 22 , 201 (1946). See also R. Neumann, Electronic 
Engineering^ Vol. 20, March, April, and May, 1948, for description of the different 
types of mercury-vapor and oil-vapor pumps developed in England and Holland. 
These articles also include a comprehensive list of references. 
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R. Jaeckel^® has described a three-stage metal fractionating pump, 
made in Germany, which operates with Apiezon B at a speed of 20 
liters • sec~^ and gives an ultimate vacuum of about 5 • 10"“^ micron, 
Jaeckel and H. J. Schroeder^^ have also described an oil-vapor pump 



Fig. 18. Metrovac type 03B Fig. 19. Metrovac 8-in.-diam- 

oil-vapor pump. eter oil-vapor pump. 

which has a speed greater than 1000 liters • sec“^ for air at 20® C, with 
a fore-pump pressure of 6 • 10”^ mm. The pump requires only 1500 
watts. The inlet area is 400 cm^, so that speed is 1 liter • sec"“^ per 
watt, whereas in other pumps the efficiency is only about a half this 
value. As fore pump another oil-vapor is used which has a speed of 
250 liters • sec~^. 


4. JET DESIGN AND BAFFLES 

As has been stated in the previous chapter, the design of jets is of 
extreme importance in affecting the magnitude of the speed factor (or 

Z. tech. Physiky 23, 177 (1942). 

Z. tech. Phyaik, 24, 69 (1943). 


speed in liters per second ^ p Pumping speed in liters per second 
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10 "® 10 "® 10 '^ 10 "® 10 "^ 10 "^ 
Fine side pressure in millimeters of mercury 

20. Semi-log plot of speed versus fine side pressure (at 600 watts) for pump 
shown in Fig. 18. 



Fine side pressure in millimeters of mercury 


Fig. 21. Semi-log plot of speed versus fine side pressure for pump shown in Fig. 19. 
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Ho coefficient). This has been illustrated in section 2 in the discussion 
of the observations by Estermann and Byck on the effect of nozzle 
design on the speed of an oil-vapor pump. 

J. Holtsmark, W. Ramm, and S. Westin^^ have rpade similar observa- 
tions on the relation between pumping speed and size of diffusion jet for 
three different types of deflectors, such as are used in the Metropolitan- 



Fig. 22. Designs of jets for oil-vapor pump, used in investi- 
gation by Holtsmark et alii. 

Vickers pumps described above. The three types are shown in Fig. 22, 
and the speed (in liters • sec“^ at 1 micron air) for each type (differing 
in the value of a, the angle of deflection) as a function of the width of 
the annular distance, 5, is shown in Fig. 23. At about 11 mm the pump 
stalled, and, as will be observed, a sloping deflector gave a higher speed 
than the cylindrical one. In all the tests the form of the triangular 
ring B (shown in Fig. 22) was maintained constant. According to the 
above investigators, ‘‘the critical fore vacuum of the pump has been 
measured and found to decrease from 5 to 3.5 • 10“"^ mm Hg when the 
pumping speed was increased from 20 to the maximum value, about 
80 liters • sec~^.” 

Beo, Sci, InatrurnmtSt 8, 90 (1937). 
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Hickman^^ has discussed this topic at considerable length. “Lang- 
muir,” he states, 

has shown that the air . . . handled by the pump collects as a layer against the walls 
before being driven down to the exit and expelled. Now it is apparent in Fig. 24 (a) 
that air which is entrained near the jet may be rejected again laterally where the 
operating vapors curve upward. The high concentration of air which has been left 
by vapors condensed at the wall is in especially favorable position to pass back. The 
passing back is favored by high fore-pressures which bend the operating stream 
backwards. It is also favored by too thorough condensation of the operating fluid. 



Fig. 23. Illustrating effect, on speed of pump, of jet designs shown in Fig. 22. 

The molecules of this fluid, although exhibiting random motion, have a forward 
impressed velocity which we observe is not entirely lost on collision with condensate 
if this is maintained at a sufficiently high temperature. Incomplete condensation 
is needed to provide dilution and entrainment of the gas concentrated near the walls 
and also to preserve the downward passage of the gas stream. Where a water-cooled 
metal pump casing of high conductivity is employed, the jets must be redesigned to 
supply more vapor. The region that does need to be kept cold is just above the jet, 
at A in the figure. Region B should be kept warm, and C relatively hot. This is 
all achieved with air cooling or cooling by a spiral of tubing supplied at the top with 
a slow stream of cold water. 

We have repeatedly confirmed the advantage of matching the cooling to the 
design of jet. We may define speed as the net profit of passage forward over passage 
back, and ultimate vacuum as the position of equilibrium between pumping speed 
and rate of contamination or leakage. Both speed and ultimate vacuum may benefit 
from moderate cooling. Thus a three-jet glass fractionating pump, filled with 
Octoil, gave an ultimate vacuum 1.6 • 10“^ when air-cooled; 2.1 * KT"^ mm water- 

J. Applied Phys. 11, 303 (1940). 




Sec. 4] 


JET DESIGN AND BAFFLES 


245 


cooled. A glass-metal pump of capacity 220 liters/sec had a speed of 120 liters/sec 
when the glass envelope was replaced by water-cooled metal. 

The Ho coefficient and the permissible width of annulus between jet and walls 
are increased by lowering the fore vacuum and improving the design of jet. Perhaps 
the most convenient way to obtain a low fore-pressure for any given jet is to place 
another jet in advance. Two jets in tandem have long been in use, but only recently 




Fig. 24. Design of Embree jet (h) compared with straight-sided jet (a). 

has the advantage of a third or even fourth jet been appreciated. Thus when the 
fore-pressure for the high-vacuum jet has been reduced to 10~® mm or less, the mean 
free path of the gas in random or sideways motion below the jet is more than an inch 
and clearances of 1-3 in. can be used without diminishing the admission coefficient. 
Expansion of the vapors after the manner of Crawford^^ should be used to the extent 
that the operating fluid will boil under compression without cracking. But most 
important of all, the jet should be directed straight downward with provision for 
expansion of the vapors toward the center of the pump. 

As the result of an investigation by N. Embree a jet design was 
evolved, shown in Fig. 24(6), in which there is provision for expansion 
of the vapors towards the center, as shown in the figure. By means of 
this construction, as compared with that shown in (a), the Ho coefficient 
of the pump is raised to as much as 30 per cent, whereas in the more 
usual designs of nozzles this coefficient, as mentioned previously, is 

^ See Figs. 4.16 and 4.16. 
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between 2 and 20 per cent. In explanation of this, Hickman makes the 
following remark: 

It is evident that the high speed coefficient of the present pump is more apparent 
than real. The collecting zone with the Embree jet is liot measured by the area of 
the annulus between the jet gap and the walls but by the area of the cones indicated 
by the dotted lines in Fig. 24(6). The speed of the pump is thus the summation of 
the mechanical admittance to the jet region and the diffusive admittance through 
the cone of actuating vapors themselves. 

Evidently each region in a multijet pump transmits the same quantity 
of gas, but, as the pressure increases, the volume decreases. That is, 
the micron • liters remain constant^ and conse- 
quently each jet in series should, as Hickman 
points out, have slightly greater micron • liter 
capacity. He states that, by adjusting the 
dimensions and clearances of the different jets 
in series in accordance with this conclusion, 
speed factors as high as 50 per cent have been 
obtained in the pumps of larger sizes. 

Although, as has been stated in the previous 
sections, it is possible with the different esters 
and oils mentioned above to obtain pressures 
below 10“^ mm without the use of extremely 
cold traps (such as are required for mercury- 
vapor pumps) it has been found advantageous 
to prevent, as far as possible, any transport of 
the oil vapors towards the high-vacuum side. 
In the pump designed by Malter baffles are in- 
troduced for this purpose, even though such in- 
serts cut down the speed to about 50 per cent. 

K. R. More, R. F. Humphreys, and W. W. 
Watson^® have suggested the insertion between 
the pump and system of a metal cooling cham- 
ber such as shown in Fig. 26. The inner con- 
tainer for Dry Ice is surrounded by two helical ramps located diametri- 
cally opposite each other. These are soldered to the surface of the 
inner cylinder and fit snugly into the annular space between the inner 
and outer cylinders. 

^Tt is evident, these investigators state, ‘‘that such a trap offers 
but little resistance to the flow of air downwards while at the same time 
effectively preventing the passage of oil vapor upwards.” 

Rev, Sci, Instruments^ 8 , 263 (1937). 



Fig. 25. Low-resistance 
cooling baffle for use 
with oil-vapor pumps 
(More et alii). 
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According to R. S. Morse, who has investigated a number of dif- 
ferent types, baffles may be either hot or cooled, ^^When, for example,^’ 
he states, ^^a grid structure, filament, or right angle bend, is introduced 
between the pump and system and kept hot enough to decompose all 
impinging oil vapor, no oil reaches the system. Regardless of the type 
of organic oil employed, the resulting end decomposition products are 
volatile gases and impure carbon. The gases are, of course, easily 
pumped from the system and the residual carbon has a negligible vapor 
pressure.” A suggested design is illustrated in Fig. 26(a). ‘‘A series of 

electrically heated plates is introduced between the pump and the 
apparatus under exhaustion as shown.” Under these conditions the 
ultimate pressure attainable may be increased as much as tenfold, 
depending upon the pumping speed available and rate of gas evolution. 

Although baffles of this type may prove advantageous under certain 
conditions, it would seem that better results could be obtained by 
mechanical baffles of suitable design, with a certain amount of simulta- 
neous cooling. 

^‘One of the most simple forms of efficient cooled mechanical baffles” 
is shown in Fig. 26(6). It is claimed that ^Vith such an arrangement 
the effective pumping speed is reduced by a factor slightly greater than 
2,” and at the same time oil vapor is completely prevented from entering 
the high -vacuum system. 

A mechanical baffle of conical type has also been found effective, 
especially with horizontal pumps. 

The efficiency of such baffles has been demonstrated by observations 
on the electron emissivity of a tungsten-filament cathode. After the 
pump is ^^conditioned” there is no observed decrease in emission due to 
back diffusion of oil vapors. In some experiments which the writer has 
carried out with the three-stage glass fractionating pump, a cold blast 
at the right-angled bend in the tubing connecting the ionization gauge 
to the pump has been found sufficient to prevent any decrease in emission 
or carbonization of a tungsten filament.'^^ 

As mentioned above (in section 2), Becker and Jay cox demonstrated 
that very low pressures could be obtained with an oil-vapor pump by 
use of a trap containing activated charcoal. P. A. Anderson^^ has 
described a specially designed charcoal trap for this purpose which can 
be outgassed much more rapidly than the conventional trap consisting 
of a Pyrex tube wound with a resistor. Standard activated charcoal is 

Rev. Sci. iTiSirumenUf 11, 277 (1940), and K.C.D. Hickman, loc. cit. 

The writer has used this as a test for the presence of hydrocarbon vapor by 
operating the aged filament at 2000-2200® K for a period of at least 25 hours. 

Rev. Sci. In$trurnent8y 8, 493 (1937). 
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packed between graphite electrodes and plugs of Pyrex wool. By 
passage of current, the temperature during outgassing is raised to 
800-900° C (instead of about 550° C as with the more usual t>"pe of 
trap), and consequently the charcoal exhibits high absorptive capacity 
even while hot. Using two such traps in series with an oil-vapor pump 
Anderson was able to obtain as good a vacuum as with a mercury-vapor 
pump and liquid-air trap.^^ 

6. STABILITY OF OILS. ULTIMATE VACUUM OF OIL-VAPOR PUMPS 

The question regarding the stability of the organic liquids on heating 
is obviously of great importance. As mentioned previously, Hickman 
and his associates have observed that the high-boiling-point phthalates 
and sebacates developed by them are extremely stable at the tempera- 
tures used in their pumps. Any tarry products that may be formed 
during the operation of the pump are eliminated by a small compart- 
ment which connects with both the vacuum and the oil chambers. 

The stability of the oils with respect to oxidation is also of importance 
since accidents may occur, during the operation of the pump, which 
lead to a sudden inrush of air. Hickman has developed for this purpose 
a test for ^^degree of maltreatment^' which was mentioned previously. 

This problem has been investigated very fully by R. Jaeckel.^® A 
special comparison was made between the behavior of Apiezon B and 
Octoil in glass and metal pumps of different designs. The pressures were 
measured by means of both an ionization gauge and the ‘‘Molvaku- 
meter" devised by W. Gaede.^^ 

The degree of vacuum attained was of the same order for both liquids 
and varied from 10“^ mm to lO’”^ mm, depending upon the particular 
arrangement and type of diffusion pumps used. As is to be expected, 
the pressures indicated by the ionization gauge are higher, in general, 
than those indicated by Gaede's gauge, owing to the fact that the 
calibration of the ionization gauge varies®^ with the nature of the vapor. 

Observations were made on the time intervals required to attain good 
vacuum after air at different pressures was allowed to leak into the 
system, also on the effects of moisture and of large leaks produced 
suddenly. 

The conclusions drawn are as follows : ( 1 ) although the organic liquids 
are sensitive to oxidation and thermal dissociatipn, the recovery after 

See section 12, Chapter 10. 

Z. tech. Physik, 23, 177 (1942). 

« Z. Uck. Physik. 16, 664 (1934). See Fig. 6.32. 

See discussion of this topic in Chapter 6, section 7. 
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maltreatment is fairly rapid because of the fractionating chamber; 
(2) the pure hydrocarbons (Apiezons) are relatively more insensitive in 
these respects than Octoil and Octoil-S. The last conclusion, however, 
is not confirmed by the experience of a number of workers in this country. 
For instance, in connection with an investigation of equipment satis- 
factory for the factory exhaust of vacuum tubes, C. T. DeGroat®^ has 



Fig. 27. Experimental arrangement used by Blears for measuring “ultimate” 
pressures obtained with oil-vapor pumps. 

concluded that the esters are much superior in performance to other 
types of oils. 

One interesting conclusion drawn by Jaeckel was to the effect that, 
though all organic liquids are dissociated at high temperatures and 
suffer oxidation, thermal dissociation is favored by metal surfaces. 
Thus glass pumps give lower ultimate pressures than metal pumps. 

Engineer, Electronics Division, General Electric Company, Schenectady, N. Y., 
to whom the writer is indebted for a personal communication on this subject as well 
as on other problems of vacuum technique. 
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A series of interesting observations on the ultimate pressures of oil- 
vapor pumps has been reported by J. Blears.®^ The experimental 
arrangement used is shown in Fig. 27 and is described as follows, 

A 10-liter steel bell jar was evacuated by a standard pumping plant consisting of 
a rotary pump and two oil-diffusion pumps in cascade (Metrovac D.R. 1, 02, and 03). 
The diffusion pump fillings were Apiezon “A"’ and “B” oils respectively. The 



Fig. 28. Relative indications of ^^normal” and ‘‘high-speed’’ ionization gauges 

(Blears). 

internal baffles of the 03 pump had been remove<i and replaced by a large internal 
baffle in the bell jar itself. Two ionization gauges having identical electrode systems 
were used to measure the pressure, one being mounted on a tubulation in the normal 
manner, and the other being removed from its glass envelope and mounted directly 
inside the bell jar. These gauges have been called the “normal” and the “high- 
speed” gauges respectively. 

After the pumps were started, readings were taken on both gauges 
till the indicated pressures reached approximately constant values, as 
shown in Fig. 28. It should be noted that, in this and the following 
diagrams, the pressures indicated are in terms of equivalent nitrogen 
pressures. As will be observed the ultimate pressure indicated by the 
normal gauge was only a few per cent of that indicated by the high- 

Nature, 164, 20 (1944); Proc. Roy. Soc. London, A, 188, 62 (1947). The writer 
is indebted to Sir Arthur Fleming, Director of the Research Depaitment of the 
Metropolitan-Vickers Electrical Company, Ltd., for sending him a preliminary re- 
port on the results of this investigation. 
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speed gauge. Experiments in which different gases were admitted led 
to the conclusion that the difference in pressures was due to sorption of 
oil vapor in the normal gauge. That the readings on both gauges were 
proportional to the pressure in the bell jar was^ shown by the fact that 
plots of log P versus temperature of cooling water for each gauge were 
found to lie on parallel straight lines.^^ 

A consideration of the sorption, evaporation, and decomposition 
processes in the two gauges leads Blears to the conclusion that the 
correct ultimate pressure obtained with a given oil is that indicated by 
the high-speed gauge, which, according to this investigator, 

is defined ideally as a gauge in which every molecule absorbed is immediately replaced 
and where every molecule produced by reactions is immediately removed, so that 
the pressure in the interelectrode space is always equal to the pressure in the rest of 
the vacuum system. 

Table 4 gives data thus observed for the ultimate pressures obtained 
with a number of oils, after the pumps had been operated for 16 to 
24 hours. 


TABLE 4 


^Ultimate Pressures Produced by Diffusion-Pump Oils (Expressed in 
Terms of Equivalent Nitrogen Pressures at 20® C) 

P in mm • 10~® 


Oil 


Measured Values 


Values Quoted in 



Standard 

Fractionating 

the Literature 

Octoil-S 

6.4 

2.9 

0.01-1.0 

Litton oil 

14.0 

6.6 

1.0 

Apiezon B 

17.0 

9.2 

0. 1-5.0 

Apiezon A 

45.0 

19.0 

10.0 

Dibutyl phthalate 

225 

— 

100 

Arochlor 1254 

310 

260 

100 


As was to be expected, the pressures obtained with a pump of frac- 
tionating type (Metro 03 was used in all cases) were lower than those 
obtained with the standard or non-fractionating type. The important 
conclusion from these observations is that the ultimate pressures ob- 
tained with oil-vapor pumps are considerably higher than those pre- 
viously reported in the literature. 

One very important feature about these measurements which must 
be given further consideration, however, is the interpretation to be 

6® See Fig. 6.69. 
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assigned to the ‘^equivalent nitrogen pressure” indications. As will be 
pointed out in Chapter 6 , section 7, in the discussion of the calibration 
of an ionization gauge for different vapors, the equivalent nitrogen 
pressures of organic vapors are considerably higher than the absolute 
pressures (5 to 10 times larger). Consequently there may not be such 
a great difference between the pressures obtained by Blears and those 
quoted in the literature. 

6. USE OF SILICONE OILS 

During the past few years a great deal of interest has been aroused in 
the possible application of silicone oils in vapor pumps. Considerable 
work on this topic has been carried on both in this laboratory and other 
laboratories. 

The most important liquids of this group are the cyclic and linear 
methyl polysiloxanes. These may be regarded as composed of the 
following units: (CH 3 ) 2 SiO, which is designated a D unit, to indicate 
its “difunctional” nature, and which forms a repeating unit in the 
polymer; (CH 3 )Si 0 ^ 4 , which is designated a T unit, to indicate its 
“trifunctional” nature; and (CH 3 ) 3 SiOi/^, designated an M unit, to 
indicate that it is a terminating “monofunctional” unit in the polymer. 

Thus MDgM corresponds to the chemical formula 

[(CH3)3SiOHl[(CH3)2SiO]9[(CH3)3SiOH], 
and TM 3 to the formula 

[(CH3)SiO^,][(CH3)2SiO]3. 

Liquids of the composition Dn(n > 1 ) constitute cyclic compounds. 

The vapor pressures and viscosities of these polymers have been 
investigated in detail by D. F. Wilcock^® in this laboratory, and the 
following remarks regarding the relations he has observed between 
vapor pressure and composition are based on this work. 

Denoting the total number of silicon atoms in the polymer by a:, the 
following relations were obtained for the vapor pressure in microns: 
for X > 5: 

For linear methyl polysiloxanes, 

1030 ( 360\ 

logP^ = 9.28 Y + ® - — )• 

For cyclic methyl polysiloxanes, 

log P, = 10.07 - ^ * (o.265 - y ) * 

“ J. Am. Chem. Soe., 68 , 691 ( 1946 ). 


( 1 ) 

( 2 ) 
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Thus, with increase in length of chain, the vapor pressure for any 
given temperature decreases. This is illustrated in Table 5 by the 
values of calculated for the series of linear polymers ranging from 
X = 13 to .T = 18, corresponding to MDa;_ 2 M. In calculating these 
values the relations used were of the form 

logP^ = ^-|. (3) 

with the values of A and B calculated for given values of x by means of 
equations 1 and 2. 

The second and third columns give the values of the constants A and 
B in equation 3 used for calculating the data in the other columns. 


TABLE 5 

Vapor Pressures of Linear Silicone Polymers 

Temperature in degrees C for 


X 

A 

B 

Pm 

at 25° C 




= 




' 10^ 

10^ 

1 

10“2 

10”^' 

12 

14.60 

5350 

4.4 • 10-^ 

232 

152 

93 

49 

15 

13 

15.04 

5710 

7.6 - 10-® 

244 

165 

107 

62 

27 

14 

15.48 

6070 

1.3 • 10-® 

256 

177 

119 

74 

39 

15 

15.93 

6430 

2.2 - 10-® 

266 

189 

131 

86 

50 

10 

16.37 

6790 

3.8- 10-'^ 

276 

200 

142 

97 

60 

17 

16.81 

7150 

6.5 • 10-* 

285 

210 

152 

107 

70 

18 

17.25 

7510 

1.2- 10-* 

294 

219 

162 

117 

80 


These data show that silicone polymers in which the number of silicon 
atoms exceeds 12 possess sufficiently low vapor pressures at room tem- 
peratures for use in vapor pumps. Actual experiments carried out by 
R. A. Boyle^^ have led to the conclusion that by fractional distillation 
of silicones products may be obtained having the approximate composi- 
tion of a mixture of MDgM and MDioM (x = 11 to 12) and producing 
a vacuum of about 10“^ micron or better in a Distillation Products 
VMF 5 pump. In this investigation it has also been demonstrated that 
these oils are apparently superior to the hydrocarbon and ester types of 
liquids in resistance to both cracking and oxidation at high tempera- 
tures.^® 

Chemical Engineering Division, General Electric Company. 

It should be noted, however, that when these silicones decompose on metal 
surfaces they yield a layer of an insulating material (presumably a suboxide of silicon) 
which can be removed only by heating to above 400-500® C. As will be more fully 
discussed in Chapter 6, section 7, this insulating deposit formed, in the course of 
time, on the positive-ion collector of an ionization gauge gives rise to gradually 
decreasing positive-ion readings, and thus renders the gauge useless as a pressure 
indicator. 
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These conclusions regarding the stability of silicones are in agreement 
with observations published by G. P. Brown^^ on the comparative 
performances in a non-fractionating metal pump of the commercial 



1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 


lO^/T 

L_J I I ^ I I 

400 350 300 250 200 150 100 


Temperature *0 


Fig. 29, Plots of log of vapor pressure (Pmm) versus 1/T for silicones and other 
oils used in oil-vapor pumps (Brown). 


products Litton C, Octoil, Narcoil, and two silicones with boiling points 
of 400® C and 430® C. From the plots of log Pfnm versus l/T shown in 

Rev. 8ci. Instruments, 16, 316 (1945). 
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Fig. 29 the values of A and B for the higher-boiling-point liquid are 
found to be 14.24 (for and 5880 respectively. This leads to the 
results: = 3.3 • 10“® at 25® C and P^ = 1 at 140® C, which cor- 

respond according to the data in Table 5 to those of a linear methyl 
polysiloxane for which x has the value 16 or 17. The silicone boiling at 



High vacuum in millimeters of mercury 


Fig. 30. Speed versus log for various pump oils in a typical 6-in. metal pump. 

Data for fore pressures in microns indicated for each curve (Brown). 

400® C corresponds roughly to a linear polymer for which x has the value 
13 or 14. 

Figure 30 shows semi-log plots of speed versus pressure for the different 
oils as well as for mercury, in the same design of pump. The values of 
the fore pressures (microns) are indicated on each curve. According 
to the author, ‘‘Extrapolated vapor pressure, temperature data, and test 
results show the high-boiling-point silicone to produce the highest 
vacuum as indicated by an untrapped ionization gauge. The silicone 
was further found to be nearly completely resistant to oxidation when 
exposed to air while hot."' In other respects the different oils showed 
only minor differences. It is of interest to note that in these experiments 
the lowest speed was obtained with mercury vapor. 

In connection with the use of oil-vapor pumps in technological 
applications R. S. Morse®® has made the following interesting statement: 

Ind. Eng. Chem,, 89 , 1064 (1947). 



Sec. 61 


USE OF SILICONE OILS 


257 


Recent trends have demonstrated the possibility of improving the fore-pressure 
characteristics of pumps through the use of high boiler pressure and improved jet 
design. It is now apparent that the limit on gas handling capacity of a diffusion 
pump below mm is in reality only a function of the ^^pumping speed” of the 
entrance of the mouth of the pump. 

Oil diffusion pumps, 32 inches in diameter with a capacity of 30,000 cubic feet 
per minute®^ at 10“^ mm, have been built in great numbers. . . . 

With newer ejector type oil diffusion pumps greater speeds are now possible in 
the higher micron range. With minor exceptions the use of mercury in diffusion 
pumps in this country is now limited to laboratory apparatus or electronics applica- 
tions where fore-pressure operation above 1 mm is essential. 

Both chlorinated compounds, such as the so-called Arochlor series, and refined 
hydrocarbon pump oils have been used with success in many large installations 
during the war, particularly because of greater stability in the presence of water 
vapor and because of lower cost. The use of silicone type oils has recently been 
advanced, and the resulting improved stability after exposure to air at high temper- 
ature is a useful factor.®^ Because of contamination problems at the extremely low 
pressures employed, the electronics industry in many instances still prefers the 
organic esters. 

The maximum theoretical speed for molecular flow through an orifice of 1-in 
radius with air at 25° C is 500 cu ft/min. This corresponds to 256 X 500 = 128,000 
cu ft/min for an orifice 32 in. in diameter. 

See discussion by G. P. Brown, /oc. cU, 



CHAPTER 6 


MANOMETERS FOR LOW GAS PRESSURES^ 


1. APPLICATION OF ELECTRICAL DISCHARGE IN GAS AT LOW 

PRESSURES 

The breakdown voltage in a gas between two electrodes (preferably 
plane surfaces) located a fixed distance apart is a function of the pressure. 
As the pressure is decreased from atmospheric, the voltage required to 
initiate a discharge decreases, reaching a minimum value at a pressure of 
about a millimeter of mercury or less, depending upon the geometrical 
arrangement, shape and area, of the electrodes and upon the nature of 
the gas. As the pressure is then decreased still further, the breakdown 
voltage increases rapidly until it exceeds that of the available voltage 
source. With a discharge tube of given design and high-voltage source 
it is therefore possible to obtain in this manner a semi-quantitative 
indication of pressure, especially the value at which the discharge ceases. 

The appearance of the discharge has been used by a number of 
observers as a criterion of the order of magnitude of the pressure. A 
more detailed discussion of these observations has been reported by 
H. Stintzing^ and is also given by J. Yarwood.^ 

^ The writer has made considerable use of the article entitled **High-Vacuum 
Gauges’’ by M. Pirani and R. Neumann, Electronic Engineering (England), Decem- 
ber, 1944, January, February, and March, 1945, which contains a very comprehensive 
list of references. The topic is also discussed in FM, pp. 71-'102. 

Extensive lists of references are given in the following publications: 

G. Monch, Vakuum Technik im Labor atorium, Weimer, 1937. Published by 
J. W. Edwards, Ann Arbor, Mich., by authority of Alien Property Custodian. 

H. Klumb and H. Schwarz, Z. Physikj 122, 418 (1944). 

The reader should also consult, in this connection, the articles by W. E. Barr and 
V. J. Anhom, ‘Yacuum Gages” in InstrumentSy 19, 666, 734 (1946). The first paper 
contains detailed information on the design and construction of McLeod gauges; 
the second deals with some of the other types of gauges most frequently used in 
vacuum technique, such as the Pirani, thermocouple, and Knudsen gauges. 

A condensation of the contents of this chapter has been published by the writer in 
InstrumentSy 20, 234 (1947). 

^Z. phyaik, Chem.y 108, 70 (1914); Pirani and Neumann, loc, cit] MOnch, op. 
cU.y p. 64. 

» JY, pp. 19-21. 
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G. Burrows^ has described a discharge tube suitable for metal systems. 
The construction is shown in Fig. 1. The tube is operated from a spark 
coil providing a spark in air about ^ to in. long. According to 
the author, 



Fig. 1. Discharge tube for estimation of pressure (Burrows). 


The following approximate relationships exist between the discharge as observed in 
a discharge tube of the type shown and the corresponding air pressure: 


J^-cm-diameter column of glow discharge *= 10 mm Hg 
First visible striations =1.5 mm 

Striations pitched 1 cm apart = 0.5 mm 

Green fluorescence on inside walls =0.01 mm 

Black-out in dark (under vacuum conditions) = 0.001 mm or less 


The discharge tube also enables an estimation to be made of the kind of gas or 
vapor present, thus • 


Appearance 

Red or pink 

Greenish gray 

Faint (transparent) blue 

* J, Sci, InatnmerUa, 20, 21 (1043). 


Kind of gas 
A ir 

Decomposed oil 
Water vapor 
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The gas discharge as an indicator of low pressures has also been 
applied in a device designated the skanascope,^ One type of design 
consists of a cylindrical metal tube which is connected to the vacuum 
system and along the axis of which is located a metal rod. With a given 
maximum a-c voltage applied between the rod and cylinder a discharge 
is initiated at a certain pressure Pi. As the pressure is reduced the cur- 
rent in the discharge decreases and drops abruptly to practically zero at 
a certain pressure, P/. The discharge excites a fluorescent screen 
inserted in one end of the metal cylinder, and the intensity of the 
luminescence serves as an indicator of the degree of vacuum. Thus, for 
air, the values of Pi and P/, corresponding to initiation of the discharge 
and to cessation, are 600 microns and 30 microns, respectively. The 
values of these critical pressures vary with the composition of the gas. 

By changing the arrangement of the electrodes and replacing the 
fluorescent screen by a fluorescent tube in series with the discharge it is 
possible to decrease the value of P/ for air to 5 microns. 

A high-frequency spark coil is an essential device in experimental work 
on high vacuum. In practice a spot at which a leak is suspected may be 
detected more readily by wetting it with carbon tetrachloride or other 
volatile organic liquid. The presence of a leak is then indicated by the 
change in color of the glow produced by the spark coil. 

For the measurement of low pressures the different types of gauges 
may be classified, according to the basic principles involved, as follows: 

1. Manometers which use mercury or some very non-volatile liquid. 

2. Manometers which operate bn the same principle as the Bourdon 
gauge, that is, the pressure produces a deformation in a thin wall. 

3. Viscosity manometers. 

4. Radiometer type of manometers, which measure the rate of trans- 
fer of momentum from a hot to a cold surface. 

5. Conductivity type of manometers, involving the effect of pressure 
on the rate of heat transfer. 

6. Ionization gauges. 

2. MERCURY (AND OTHER LIQUID)’ MANOMETERS 

Numerous attempts have been made to increase the sensitivity which 
may be obtained in reading the height of a barometric column or U-tube 
manometer. 

Rayleigh Gauge.® The essential parts of the Rayleigh gauge (Fig. 2a) 
are two glass bulbs, one of which communicates with a good vacuum 

® Developed by the Skaneateles Manufacturing Company, Syracuse, N. Y. 

^ Phil. Trans., A, 196, 208 (1901); Z. physik. Chem., 87, 713 (1901). 
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by a tube C, and the other with the system in which the pressure is to 
be measured. Two glass pointers are sealed into the bulbs, and the 
bulbs are attached to a T-connection which forms the upper end of a 
barometric column. Mercury can be raised and lowered in the bulbs 
by means of a reservoir connected to the barometric column and the 
level thus brought up so as to be flush with the ends of the pointers. 
Any difference in pressure on the mercury in the two bulbs is then 




measured by gradually tilting the framework on which the bulbs are 
fastened and observing the deflection on a mirror which is located on 
top of the bulbs. According to Rayleigh this gauge can be used to read 
pressures between 1.5 mm and 1 • 10“^ mm of mercury. 

A modified form of this gauge was used by K. Scheel and W. Heuse^ 
for measuring the vapor pressure of water at temperatures below 0® C, 
and similar manometers have been constructed by M. Thiesen® and 
E. Hering.® An ingenious modification of Rayleigh^s method has been 
used by C. F. Miindel^^ for measuring vapor pressures at very low tem- 
peratures; and a very sensitive optical method for measuring slight 

Z. InatrumerUenk^t 29, 344-^9 (1909). K. Lekrbuch d. phydk, Chm,f 

1, 1, p. 321. Am. PhyHkr 723 (1909). 

® Z. Ins^mentenk,, 6 , 89 (1886), and 24, ^6 (1904). 

’ Ann. Pkv9ik, (4), 21, 319 (1906). 

Z. phyHL Chm., 85, 435 (1913). 
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differences in level of two mercury surfaces, developed by K. Piytz,^^ 
has been used extensively by different investigators in connection with 
Rayleigh’s method.^^ 

In the optical-lever manometer, described by J. E. Shrader and H. M. 
Ryder, the same object is attained by a very simple construction. 
The following description is quoted from the original paper: 

A mercury U-tube manometer (Fig. 26) is formed in the usual manner, except 
that the surfaces of the mercury are so arranged as to be of relatively large area. 
Above one of the surfaces, within the tube, is arranged an optical lever as shown in 
the illustration. This lever is supported by two knife edges, o, which rest on loops 
of wire, which in turn are sealed into the glass walls of the tube; a glass bead 6, fused 
to the end of the lever arm, acts as a float on the mercury surface, and in this way 
transmits the motion of the mercury surface to the lever arm. A mirror M attached 
at the position shown acts in the usual manner to reflect a beam of hght from a lamp 
to a scale, if the gauge is to be arranged as an indicating instrument. If the gauge 
is to be used for recording variations in pressure, the scale may be replaced by a 
photographic device such as is used in oscillographic work. 

• The cross connection e provides an easy means of evacuating the whole system 
with one pump located as shown. With this stopcock or mercury cutoff open, a 
zero reading can be easily obtained, after which this connection may be closed and 
the gases or vapors introduced for measurement. This system provides also for the 
measurement of small variations in pressure, with an original pressure of any desired 
value, this value in no way affecting the absolute sensibility of the gauge. 

A sensitivity of 10“^ mm of mercury is claimed for the gauge, and it 
certainly ought to prove useful where the McLeod gauge is inapplicable. 

A more elaborate modification of the opticaUever manometer has 
been described by E. K. Carver, by which pressures as low as 10”^ mm 
may be measured, and a simple form, which may be used in the ranges 
10 to 5 • mm, or 1 to 5 • 10“^ mm, has been constructed by M. L. 
Hamlin.^® K. Newbury and C. L. Utterback^® have measured the 
vapor pressures of waxes and greases by observing the deflection of a 
mirror attached to an iron float on top of the mercury. The sensitivity 
obtained is of the order of 10“*® mm. 

Instead of an iron float, M. C. Johnson and G. 0. Harrison^^ have 
suspended *'a glass float on the top of the mercury surface by means of 
flattened platinum wires which wrap around a roller of glass rod about 
1 mm diameter. The mirror is fastened to this roller and two more 

Ann. Physikf (4), 16, 736 (1905). 

“ C. F. Mlindel, loc. cit., and M, Knudsen, Ann. Physik, (4). 38 1436 (1910) 

Phys. Rev., 18, 321 (1919). 

J. Am. Chem. Soc., 46, 59 (1923). 

J. Am. Chem. Soc., 47, 709 (1925). 

Rev. Sci, InetrummtSy 3, 693 (1932). 

J. Sci. Inelruments, 6, 305 (1929). 
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flattened platinum wires also wrap round the rod and suspend it from a 
stout copper wire soldered to a brass ring which can slide loosely into 
the manometer tube/* It is stated that with this construction pressure 
differences between 0.5 and 2 • 10”^ mm of mercury can be measured. 

A form of U-tube manometer sensitive to 6 • ICT^ mm has been 
described by T. G. Pearson.^® 

A tilting differential mercury manometer for recording pressures be- 
tween 0.01 and 5 mm, developed in several different forms by K. C. D. 
Hickman^® should be of interest in certain continuous operations at 
moderately low pressures. 

In this manometer the mercury may be replaced by an organic liquid 
of extremely low vapor pressure, and G. Burrows^® has described such a 
manometer in which Apiezon oil is used. Though the sensitivity, as 
compared with a mercury manometer, is thereby increased to as much 
as fifteenfold there are two serious objections to an oil manometer. 
The first arises because of the solubility of the gas in the oil, and the 
second is due to the sluggishness of operation resulting from the high 
viscosity of the liquid and its tendency to stick to the glass walls. 

In order to measure pressure differences of the order of 10*”^ mm, in 
two mercury columns, H» Klumb and Th. Haase^^ fasten a fine tungsten 
wire, about 100 cm long, along the axis of each leg of a U-tube manom- 
eter. The difference in pressure in the two sides effects a corresponding 
difference in the resistances of the two wires, which is determined by a 
Wheatstone bridge method. At pressures down to 1 mm, the difference 
in resistance is proportional to the pressure difference. At lower pres- 
sures (below about 0.1 mm) the indications are complicated by heat- 
conduction losses from the wires in the gas. However, by putting a 
layer of a low-vapor-pressure oil (such as n-dibutyl phthalate) on the 
surface of the mercury and using very short lengths of wire so that the 
wire is wholly covered by oil, the change in resistance is found to be 
proportional to the pressure difference, and it is claimed that pressures 
as low as 0.01 mm may be measured. 

^*2. r^ysik, Chem., A, 166, 86 (1931). FM, p. 84. 

/. Optical Soe. Am., 18, 305 (1929). Mention should be made, in this connec- 
tion, of the Dubrovin gauge, made by W. M. Welch Scientific Company. This 
consists of a glase tube, about half-filled with mercury, connected to the system. 
Floating on the mercury is a metal tube closed at the top by a fiat disk, used as an 
indicator, and loosely closed at the other end, which is immersed in the mercuiy, by 
a glass bfdL The interior of the metal tube is evacuated,* and, therefore, the tube 
will float high on the mercury when the pressure iis reduced and low whon the pressure 
is high. The gauge may 1^ used to measure pressures ranging from 0.1 mm to 
2D tnm of mercury. 

jr. SeL 20^ 21 (1948). 

18, 372 (1932). 
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For measuring small pressure differences of mercury at a distance 
from the system, A. Simon and F. Feh6r^^ have made use of a special 
electronic circuit in which the capacity is determined between the upper 
part of the mercury column and a piece of tii^oil wrapped around the 
outside of the glass tube. 

Mention should also be made of the application by J. J. Manley*® of 
the Michelson interferometer to determine pressures ranging from KT"* 
to 20 mm. 

McLeod Gauge. The principle of the McLeod gauge, first described 
by H. McLeod,*^ consists in compressing a given voliune V, of the gas 
whose pressure P is to be measured, to a much smaller volume v and 
observing the resultant pressure p, which in accordance with Boyle’s law 
is given by the relation 



One of the simplest forms of McLeod gauge is shown in Fig. 3a. The 
bulb, Bf to which is attached a capillary tube aa, is connected to the 
low-pressure system as indicated and also to the barometric column 
below. In order to avoid errors due to the effect of capillarity, a tube, 
bb, of the same diameter as aa, is sealed on as a by-path to the larger 
tube E. To operate the gauge the reservoir R is raised, thus forcing 
the mercury up in the barometric column T until the gas in the bulb and 
capillary is shut off from the remainder of the system at G. As the 
mercury is raised further, the gas in B is compressed until finally the 
mercury in the capillary bb is level with the top of the inside of the 
capillary aa (corresponding to the point 0 on the scale). The pressure 
on the gas in the capillary is then equal to the sum of the pressure in 
the system and that of tihe mercury colunm of length h, which is also 
the length of the capillar^ aa that contains the compressed gas. 

Figure 36 shows a very common design of gauge in which the reservoir 
illustrated in Fig. 3a is replaced by a wide tube with a wooden (or glass) 
plunger which serves to raise the mercury, as shown in the figure on 
the right-hand side.** 

Let V denote the volume (in cubic centimeters) of the capillary 
and of the bulb B down to the level C at which the gas in the bulb 

Z. Elektrochem., 36, 162 (1929). The original paper contains a comprehenrive 
list of references to other methods available for telemetering' of pressure differences. 

*»Proc. Phy». Soc'., 40, 67 (1927-1928). 

»♦ Pha. Mag., 48, 110 (1874). 

Detailed drawings of a number of designs of McLeod gauges rure shown by 
W. E. Barr and V. J. Anhom, in Instrumentt, 19, 666 (1946). 
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becomes trapped when the mercury is raised. Let Pmm denote the 
pressure in the system. Also, let 6 denote the volume (in cubic centi- 





(a). Form with reservoir that (6). Form with plunger, 

can be raised or lowered. 


Fio. 3. McLeod gauge. 

meters) of the capillary per millimeter length. 

Volume of gas trapped <=''» = bh (can*). 
Pressure in (^pillaiy » P^m + hi 
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Hence 


{Pmm + h)hh P mmV f 


p = — . ( 2 ) 

For gauges in which a plunger or reservoir is used to raise the mercury 
in the capillary, the value usually chosen for V is between 76 and 
100 cm®, and the diameter of the capillar}' is between 0.7 and 2.5 mm. 

Let d = diameter of capillary in millimeters; then b = 7.854 • 10“^d® 
cm® per millimeter length, and 

7.854 • 10“^d®A® 

“ F - 7.854 • IQ-^d^h 


For a capillary 150 mm in length (an upper limit for the length), 

17.67d® 

“ F - 0.1179d® ’ 


for d = 3 mm, and F = 100, 

r, 159.1 

- 100 - 1.06 ~ 

Thus, if we use a capillary 3 mm or less in bore and a bulb of 100 cm® 
volume the error resulting from the omission pf the term bh in the 
denominator of equation 2 is less than 1 per cent. 

For gauges designed for measuring maximum pressures of 1 mm or 
less, the more simple relation is valid, of the form 


= Kh^ 


where K is known as the “gauge constant,” expressed in millimeters of 
merciuy per millimeter length. 

Expressing h and d in milUmetera, and F in oMc centimeters, the values 
of K for gauges such as are used in ordinary laboratory piractice are 
shown in Table 1. The values given in the last column, that is, lO^if, 
evidently correspond to the pressures in microns for A * 10 mm. 

It will be observed that P^j, — ISSSifA®. 

To avoid the error which arises when the value of A is small, it is often 
preferable to compress the gas in the capillary oa to a definite volume v, 
and then observe the height Ai (in millimeters) of the mercury above 
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TABLE 1 

Values op the McLeod Gauge Constant for Typical Dimensions op 
Bulb and Capillary 


d (mm) 

V (cm*) 

lO^K 

1 

100 

0.785 

1 

60 

1.309 

1.6 

100 

1.767 

1.5 

60 

2.946 

2.6 

100 

4.909 

capillary. 

In that case, 

sinoe 


Ptnm 


vht 


( 4 ) 


it is seen that hi is directly proportional to Pmm, and the magnitude of 
this quantity can be determined by means of a cathetometer. This 
method, however, is not as sensitive at low pressures as that described 
above. 

Also, if the range of pressures to be measured is large, the single 
capillary aa may be replaced by two or more capillaries of different bores, 
the coarser one being sealed directly to V, and the finer one on top of 
this, and so on. The serious objection to this construction is the inac- 
curacy involved in the readings at the junctions between the capillaries. 

It is evident that the sensitivity of the gauge can be made extremely 
high by increasing the ratio V/v, that is, V/b. However, in the case of 
gauges of the construction described above, practical considerations 
limit the magnitude oi V because of the weight of mercury to be raised. 
Furthermore, in capiQ^es of very small bore (0.6-0.7 mm), the mercury 
tends to stick badly j^ lhe level is raised and the column breaks as the 
level is lowered, thus leaving a portion hanging in the capillary. 

The causes of the^ phenomena and methods of overcoming the 
resulting errors in measurements have been investigated in considerable 
detail,®* especially by P. Rosenberg®^ and G. Haase.®* Haase concludes 
that the principal causes are as follows: (1) slight oxidation of the 
mercury when exposed to air, (2) condition of the inside surface of the 
capillaiy which is due to chmical attack by water vapor or chemically 
corrosive vapors. Capillary tubing which has been exposed to the 
atmosphere for a long period ^ould not be used for the construction of a 
McL^ g^uge. , 

*«a B$4gm, Phytik. Z., 97, 47 (1926), Z. U6lk Phytik, 9, 690 (1027). 

” Rev, Sd. InMfnmeiUe, 9, 268 (1038). 

” Z. UdL Phydk M, 27, 63 (1043). 
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One method for the treatment of capillary tubing, for which satis- 
factory results have been claimed and which is described by Haase, is 
the following: 

A wire having a diameter about % that of the inside diameter of the capillary is 
dipped into an abrasive material, such as alumina, and is then drawn carefully 
through the capillary. By turning the wire and successive draws through the 
capillary, the inner wall becomes polished until it is no longer transparent. With 
suitable illumination the position of the mercury meniscus can be observed quite 
well. 

Although heating the capillary to the softening point restores the 
transparency it is likely to deform the tubing; consequently as short a 
length as possible should be heated in forming the closed end. Ob- 
viously this treatment should be applied to the capillary before it is 
sealed to the bulb. 

Haase has also observed that, after the capillary has been sealed off 
at the end and attached to the bulb, treatment with hydrofluoric acid 
or the vapor of the acid accomplishes the same result as the treatment 
with an abrasive. 

Another very essential precaution is to use mercury that has been 
vacuum-distilled, and, if the gauge is to be used in connection with an 
oil-vapor pump or where water vapor is likely to be present, a liquid-air 
trap should be inserted between the gauge and the rest of the system. 

By careful attention to these details Haase states that he has been 
able to construct an accurate gauge having the dimensions V = 1400 
cm® and d = 0.7 mm, for which 

where h is expressed in millimeters. For h = 180, Pmm = 10“®. 

In the construction of such a gauge, the mercury reservoir is con- 
nected by means of stopcocks to the rough vacuum and the atmosphere. 
The mercury is raised by opening the stopcock to the atmosphere and 
lowered by opening the other stopcock to the vacuum. Both the 
reservoir and the upper bulb should be supported solidly in plaster of 
paris and provision made for a box around the bottom of the reservoir to 
contain the mercury that would be spilled in case of breakage. 

This design is illustrated in Fig. 4, which shows the construction of a 
very sensitive gauge described by P. Rosenberg.®® The volume of bulb A 
is 1300 cm®, and that of B about 2500 cm®. B contains about 60 lb of 
mercury. Both bulbs are thick walled and supported by plaster of 
paris blocks P and Q. With capillaries of 0.63-mm internal diameter, 

Rev, Sci. InetrumenUf 10, 131 (1939). 
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the value of hjY (which Rosenberg designates the compression ratio) is 
2.4 * In the construction of the capillaries, the method described 

above (which consists in roughening the inside walls of the capillaries) 
was used to prevent sticking and breaking of 
mercury threads while the mercury is in 

system 

motion. ^ 

In this laboratory a gauge constructed in 
the manner just described and having a ratio 
6/F of 6.89 * has been found to work 
very satisfactorily even without roughening 
the inside of the capillary (probably be- 
cause of the larger diameter of the capillary). 

It is evident that the McLeod gauge does 
not indicate the pressure of mercury vapor and 
condensible vapors such as those of oil, water, 
and ammonia. 

The vapor pressures of water at 15°, 20°, 
and 25° C are 12.79, 17.54, and 23.76 mm Hg, 
respectively. Hence, in the presence of water 
vapor condensation will occur in the capillary 
as A is decreased and therefore the value of h 
will no longer correspond to the real pressure in 
the system. It is of interest to note in this 
connection the observations made by M. H. 

Armbruster^® that condensation occurs in the 
capillary at a lower pressure than that corre- 
sponding to the vapor pressure for the temper- 
atures at which the reading is taken. This can be avoided by heating 
the capillary to a slightly higher temperature, so that the condensation 
will occur at a pressure above that of the gases in the system.®^ 

Even for measuring the pressure of carbon dio^^ide the gauge is not 
reliable. In using it to measure very low pressures, such as those 
produced by a Gaede molecular or Langmuir condensation pump, a 
liquid-air trap should be inserted between the gauge and the remainder 
of the system in order to prevent diffusion of mercury or other vapor 
into the vessel to be exhausted. 


To two-way 
stopcock 


Fig. 4. Construction of 
a very sensitive McLeod 
gauge. 


^ Am, Chem, Soc., 68, 1342 (1946). 

Similar observations have been recorded, as Miss Arnlbruster notes, by J. C. W. 
Fr^^, W. A. Patrick, and H. E. Smith, /. Phys, Chem., 81, 897 (l?Ji7), and A. S. 
CooUdge, /. Am. Chem. Soc., 49 , 708 (1927). V; 

For a <S8cussion of the procedure for measuring the pressure of water vapor see 
E. W. Eio8dorf,;/nd. Enflf, Chm., Anof. 17, 198 (1945). 
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Regarding the accuracy of the gauge for indicating the pressure of the 
so-called permanent gases (hydrogen, helium, argon, oxygen, nitrogen, 
and carbon monoxide) a careful investigation carried out by Scheel and 
Heuse^^ showed that if the bulb and tubing are carefully dried (to 
eliminate the presence of a film of water) the results obtained for air 
are certainly reliable down to pressures of 0.01 mm of mercury and are 
probably just as accurate at lower pressures. 

Rayleigh^^ found, by means of his differential manometer, that in the 
range of pressures 0.001 mm to 1.5 mm Boyle^s law holds accurately for 
nitrogen, hydrogen, and oxygen; and Scheel and Heuse^® observed the 
same result with their membrane manometer. A very careful investiga- 
tion on this point was carried out by W. Gaede^® in connection with his 
work on the laws of flow of gases at low pressures. He found that, with 
nitrogen and hydrogen, when care is taken to dry the walls thoroughly, 
the McLeod gauge is quite accurate down to very low pressures (below 
0.0001 mm), whereas, with oxygen, errors are likely to arise because of 
the formation of an oxide scum on the surface of the mercury which 
causes the surface to wet the glass in the capillary. However, this scum 
may be removed by heating the capillary carefully and the mercury 
then becomes quite clean again. 

For ^^condensible*’ gases, such as carbon dioxide, ammonia, sulfur 
dioxide, and most hydrocarbons, a correction must be applied to the 
observed readings for adsorption on the walls.^^ 

If a reservoir is used with a rubber-tube connection to the barometric 
column, the tubing should be thoroughly cleaned and dried to remove 
any loose particles and also to prevent as much as possible the injurious 
effect of the sulfur present in rubber. Only the cleanest mercury should 
be used, and all glass parts of the gauge should be dried thoroughly 
before filling with mercury. A new McLeod gauge will give erroneous 
observations at the beginning until all the condensible vapors adhering 
to the walls have b^n. removed by gentle heating with simultaneous 
exhaustion.^® 

The best procedure for calibrating the gauge is as follows: A length 
of capillary tubing of the desired diameter is first inspected under a 
microscope for uniformity of bore.®® A drop of mercury sufficient to 

deut. physik. Ges., 6, 786 (1908); 7, 1 (1909). 

Phil, Tram., A, 196, 208 (1901). 

Loc. cit. 

Ann. Physik, 41, 289 (1913). 

M. Francis, Tram. Faraday Soc., 31, 1326 (1936). 

See LD, p. 71, for illustration of this behavior of a fresh gauge. 

Specially selected capillary tubing of uniform bore is now available oommer- 
cially. 
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fill about one-third or one-fourth of the total length is then introduced 
into the capillary and the corresponding length measured, using a metal 
scale on which lengths can be measured to at least 0.6 mm (under a 
microscope).^® Three or four determinations of this nature are made 
for different points along the capillary, and the weight of mercury used 
is determined to within at least 1 * 10“® g. The volume V should also 
be obtained by weighing the bulb and capillary when filled with mercury 
or water to the level of the shut-off cross section. 

A very important feature in connection with the construction of a 
McLeod gauge is the sealing off of the top of the capillary in such a 
manner as to leave the inside as flat as possible, without any rounded 
end to the bore. The method to be used in the sealing operation in order 
to secure this objective has been described in detail by R. J. Clark,^^ 
and in the same connection there is a discussion of the precautions to be 
taken in calibration. 

There are described in the literature,^^ and in catalogues of firms 
selling physical apparatus, a number of variations in the construction of 
McLeod gauges. 

A. H. Pfund"^^ has combined the McLeod gauge with a hot-wire gauge 
(see section 6 of this chapter) in order to extend the range of the former 
to still lower values. A very small filament made of fine tungsten wire 
is sealed into the capillary at the top. Down to a certain pressure the 
gauge is used as described above. At lower pressures, at which the 
observed value of h becomes only a millimeter or so, the filament is 
heated to a very faint red, and the resistance at constant current is 
found to vary linearly with the pressure. In this range the gauge must 
be calibrated separately for^each gas. As an illustration of the increased 
sensitivity thus obtained, Pfund gives the following data: 

The limit of the ‘^unaided'^ gauge was 5.26 • mm for A = 1 mm, 
whereas, by using the hot wire, the range was extended to 1.7 • 10“^ mm. 
Since a portable galvanometer was used as indicating instrument for 
measuring the resistance, the range could be extended to still lower 
values by using a sensitive wall galvanometer. 

For pressures in the range mch as 0-1000 microns and higher, and for 
factory purposes, '‘swiver^ types of gauges are available such as that 
shown in Pig. 5, which is taken from a publication by E. W. Floedorf.^^ 
The gauge is connected to the ssnstem by a rubber-tube connection at P, 

See LD, p. 68, for method of eorredtion required for the form of the meniscus. 

/. Sci» Jns^menls, 5 , 126 (1928). ^ 

^See esp^i^ the paper by M. Pirani and R. Neumann cited in reference 1., 
( 1921 ^^ 

JEniJf. C&wn., Anal. Bd., 17 , 198 (1948). 
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and is mounted on a framework so that turning it cuts off a definite vol- 
ume of the gas in the system at pressure P and causes this volume to be 
compressed to a smaller volume at a higher pres- 
sure. ^ 

A similar design, devised by M. Bruner,^® and 
designated the vacustat^^ is described by Yar- 
wood.'*^ The Gaede vacuscope,^® resembles the 
last two gauges in its compactness. 

It consists of a central expanded part to which 
are sealed, on one side, one arm in the form of a 
U-tube, and another arm, on the other side, 
which functions as a McLeod gauge. When in 
the horizontal position the gauge is evacuated, 
and when tilted to one of the two other positions, 
which are in the vertical plane and 180® apart, 
it can measure pressures as low as 10"”^ mm or 
as high as 80 mm. 

H. Moser^® has described a more elaborate variation of the vacustat 
which has three ranges: 760 to 1 mm; 1 to 10~^ mm, and lO”"^ 
to 10~^ mm. 

8. MECHANICAL MANOMETERS^® 

A number of attempts have been made to construct low-pressure 
manometers which depend upon the measurement of the mechanical 
deformation suffered by a thin wall or diaphragm under pressure. At 
ordinary pressures this principle has been utilized in the construction of 
the Bourdon spiral. E. Ladenburg and E. Lehmann,®^ and sub- 
sequently F. M. G. Johnson and D. McIntosh,®^ have described a low- 
pressure gauge consisting of a flat tapered glass tube bent in the form of 
a spiral. The walls are usually very thin, so that the device may be 

Helv. Chim, ActCf 13, 915 (1930). An earlier form similar to this in many 
respects was described by H. J. Reiif, Z. InstrumerUenk.f 84, 97 (1914). 

Made by W. Edwards and Company, England. 

JY, p. 39. 

Described by FM, p. 93. 

^KPhysik, Z., 86, 1 (1935). 

A very comprehensive list of references on this type of manometer has been 
given by C. Kenty, Rev. Sci. Instruments, 11, 377 (1940), in connection with the 
description of a manometer with thin quartz wall designed for pressures ranging from 
a few centimeters of mercury to 50 atmospheres. 

Verhandl dent, physik. Ges., 8, 20 (1906). 

w Am. Chem. Soc., 81, 1138 (1909); Z. physik. Chem., 61, 457 (1908). 



Fig. 5. Swivel form 
of McLeod gauge. 
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sensitive to small pressure differences. A glass mirror is attached to 
the end of the spiral and the spiral is sealed into another chamber in 
which the pressure may be varied. The system whose pressure is to be 
measured is connected to the spiral. In using 
the instrument, the pressure outside the spiral is 
varied until it is equal to that in the spiral, as in- 
dicated by the mirror, and the pressure outside is 
then measured by an ordinary mercury manom- 
eter. The device has been used for measuring 
the pressure of corrosive gases like chlorine and am- 
monium chloride vapor. A similar type of manom- 
eter has also been used by C. G. Jackson for 
measuring the dissociation pressure of cupric bro- 
mide.®^ These gauges, however, are not sensitive 
to pressures below about 100 microns. A quartz 
spiral gauge operated on the same principle and 
devised by M. Bodenstein and W. Dux®^ is 
shown in Fig. 6, As described by Farkas and 
Melville,^® this gauge ^^consisted of a long thin spiral of flattened 
silica tubing carrying a mirror at the end to detect the extent of *un- 
winding^ of the spiral. 

Two methods of mounting the spirals are used: in one, a long light 
pointer is sealed to the closed end at 90° to the axis of the coil and the 
deflection is noted of the end of this pointer; in the othqr, a suspension, 
to which a galvanometer mirror is fastened, is attached to the end of the 
spiral and the spiral is mounted with its axis vertical and the open end 
(connecting to the system) at the bottom. In both methods the spiral 
is enclosed in a glass tube opened at one end, so that the pressure inside 
the spiral may be balanced, if desired, by an external pressure. It is 
stated that the most sensitive form of this gauge (that constructed 
according to the second method) is capable of measuring pressures of the 
order of 2 mm of mercury. 

A form of Bourdon gauge, described by S. G. Foord,*^ is shown in 
Fig. 7. It consists of a collapsed thin bulb B to which is attached a 

“For further details regarding this type of manometer, refer to K. Jellinek, 
physik. Chem,, I, 1, p. 63S, also to the references given in footnotes 51 and 52. 

“ 2. pkynk. Chmi., 85, 207 (1913). 

“FM,p.8a. 

An extensive account of similar manometers made of glass or quartz has been 
by B. P. Harteck, WUr^rHisrfM Handlm^ der experinmtal F^yHk, Vol III, 
2, p. 2^1 1929. 

Sci, 11, 126 (1934). 
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short butt D. Z) is surrounded by a rigidly supported ring C, which 
limits its traverse to about =t0.5 nun. this means/ ^ as the author 

states^ 


a gauge which would fracture at about 200 mm of mercury may be made to withstand 
a pressure difference of ±1 atmosphere. To compensate for the loss of sensitivity 
in using such a comparatively strong bulb, the deflection is multiplied by means of a 



Fig. 7. Thin-wall type 
of gauge (Foord). The 
extent of deformation of 
the thin wall, R, is ob- 
served by the deflection 
of the end of the pointer F, 


Fig. 8 . Thin glass-wall manom- 
eter for direct reading (Grigor- 
ovici). The extent of the def- 
ormation is observed by means 
of the small mirror M, 


rimple all-glaas lever system as shown, the lateral motion of the butt being trans- 
mitted by a flexible link £ to the pointer proper F, which is rendered free to bend 
about its point of support by drawing out its lower extremity to a flne rod. 

A water jacket A is provided, and the gauge is best operated in a vertical 
position. According to the author, 
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A gauge of this type has been constructed which gives a deflection of 0.64 mm per mm 
of mercury, using a pointer 20 cm in length, and there is no doubt that more sensitive 
gauges could be made if required, especially if not called upon to withstand such a 
large maximum difference of pressure. 

It is this requirement, of course, that puts limitations on the use of a 
gauge of this type. Furthermore, it obviously requires a considerable 
number of trials to make a bulb such as B which will be both thin-walled 
and not too fragile. 

A glass membrane manometer designed by R. Grigorovici®® is shown 
in Fig. 8. It consists of an evacuated glass tube, which is closed at one 
end by a glass plate (cemented to the tube), and inside of which is a glass 
membrane. This membrane is prepared by softening a thin glass bulb 
to the point at which one side will collapse to form a flat surface, as 
shown. Two wires DD support the membrane against the cover plate, 
and the deflection of the membrane is measured by means of a small 
mirror, M, fastened at the edge, and a telescope and scale. A ground 
joint S is provided so that the membrane can be readily replaced. The 
gauge may be used in the range 0.1 to 5.0 mm of mercury. 

The membrane manometer used by K. Scheel and W. Heuse®® for 
measuring the vapor pressure of ice at very low temperatures consisted 
of a very shallow cylindrical glass box separated into two compartments 
(parallel to the flat sides) by a thin copper membrane. One compart- 
ment was connected to the system; the other was connected directly 
to a high-vacuum pump. The deformation of the membrane, due to the 
slight difference in pressure on the two sides, was then measured by 
noting the number of interference rings produced by the'pressure of the 
membrane against a glass plate. 

The instrument was found capable of measuring pressures down to 
about 0.001 mm of mercury, but diflSculties were encountered in using 
it because of the continual gas evolution from the walls of the device. 

The deflection of the membrane may, obviously, be measured by means 
of an optical system similar to that used in the mercury manometer 
devised by Shrader and Ryder, that is, by attaching a pointer to the 
membrane and letting this pointer deflect a mirror. Such a manometer 
(sensitive to 10^ mm Hg) has been described by E. A. Stewardson.®® 
In this case a thin diaphragm of mica or glass was used. This type of 
mwmneter has been applied to a considerable extent, especially where it 

Z. tech, Phyaik, 20,. 102 (1989). 

** Z. IrutrutmOmk., S9, 14 (1909); Ber. deui:phy»ik. Get., 11, 1 (1909). 

•® J. 5e<. /jwtrunwnte, 7, 217 (1930). 
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was necessary to measure pressures of gases that react chemically with 
mercury.®^ 

The deflection of the membrane can also be measured by observing 
the change in capacity with respect to a stationary membrane. This is 

the method used by K. Sommer- 
meyer.®^ An accuracy of 0.01 mm 
is claimed for this particular gauge. 

Although the manometer designed 
by W. H. Rodebush and C. E. 
Coons®® is not of the same type as 
the other gauges described above, it 
has this feature in common with 
them, that it measures absolute pres* 
sure directly and is therefore indepen- 
dent of the molecular weight of the 
gas or vapor. Figure 9 shows an im- 
proved form of the gauge, made by 
V. Deitz,®^ for measuring the vapor 
pressure of potassium chloride and 
cesium iodide. 

As Farkas and Melville®® state, 

The only disadvantage of this absolute 
manometer is that gas or vapor has to be 
continuously applied to the measuring cham- 
ber owing to leakage past the silica disk. 

The following description of the 
gauge is given by Deitz : 

Fig. 9. Manometer for determina- is a disk of fused quartz about 2.6 cm 

tion of absolute vapor pressures diameter, the upper surface of which is 

(Deitz). ground to seat on the ground end of the 

quartz tube J. C is a small needle of soft 
iron, enclosed in glass, and R is a cantilever arm made from a quartz fiber by which 
the system is suspended. B is about 10 in. long from the point of suspension to the 
point of support, which is a quartz to Pyrex seal to the rest of the apparatus. The 
arm B extends outwards for about 2 in. past the suspension support and is pulled 
out to a fine point, the extreme tip being about a millimeter from a plane window. 
A microscope was then used to measure the position of the arm and hence give the 

See R. Seeliger, Z. tech. Phyaikj 1, 20 (1920), and G. Kornfeld and E. Klingler, 
Z. physik. Chem.f B, 4, 37 (1929). 

Z. physik. Chem., A, 166, 208 (1931). 

«« J. Am. Chem. Soc., 49, 1963 (1927). 

/. Chem. Phys., 4, 676 (1936)." 

®»FM,p.93. 




Sec. 3] 


MECHANICAL MANOMETERS 


277 


vertical position of the quartz disk. Z) is a coil through which a current is passed to 
bring an electromagnetic traction on C, thus pulling the disk upward to seat on J. 

The ground seat, J, is sealed within a transparent quartz tube, F, 12-mm bore, 
the top of which is sealed to the remainder of the apparatus by a DeKhotinsky joint 
at E, in the manner shown. Surrounding the quartz tube F is another transparent 
quartz tube, G, 14 in. long, which is closed at the bottom. A short length of quartz 
tube of the same diameter as F is sealed within G. The seal is made at the bottom, 
the top end having been previously ground to make a seat with the bottom of the 
inner tube F at H. The salt crystals are placed at the bottom of the outside tube G. 
.This is then slipped into place and sealed at K by means of a water-cooled picein 
joint. The long suspension is lowered into plane through the opening of the ground 
joint at A. The female part of the joint carries a test tube sealed concentrically 
within, which serves as a liquid air cooled surface. 

In operation the pressure is measured by noting the value of the cur- 
rent at which the disk just drops from its seat on the end of the tube. 

At the null point the apparatus functions as an electromagnetic balance. The forces 
upwards consist of the tension in the quartz cantilever support, the magnetic pull of 
the solenoid, and the force due to the pressure of the vapor on the quartz lid, equal 
to the pressure times the area. The force downward is the force of gravity. As the 
pressure increases, the pull necessary from the solenoid decreases. 

For calibration the procedure used was as follows: 

The quartz disk was replaced by an aluminum pan and sufficient weights added to 
make the total weight equal the weight of the quartz disk. The necessary current 
was then passed through the solenoid to bring the pointed end of the cantilever arm 
B to the null-point position, previously observed with the quartz disk seated in place. 
By removing weights from the pan and observing the corresponding decrease in the 
solenoid current, a calibration was obtained. 

The calibration curve was observed to be linear, and the slope gave the 
decrease in current per. unit increase in total pressure on the disk. 

The pressures measured ranged from about 1 to 30 microns. 

A somewhat similar method for the determination of the vapor pres- 
sures of oils has been described by Hickman, Hecker, and Embree,*® 
and a modified design of their apparatus, used by Verhoek and Mar- 
shall,*^ is shown in Fig. 10. 

The sample to be investigated is located in the bulb B, which is 
maintained at the desired temperature. The vapor emitted through 
the orifice, 0, exerts a pressure on the disk D, and the magnitude of the 
pressure is measured by turning the entire apparatus through an angle d 
that is just sufficient to close the orifice. 

Let W » wedght in grams of the assembled pendulum, and A = area 

••/nd.^njr.Cftem., Anal. 9,264 (1937). ’ 

^ /. Ant. Ghtm. Soc,, 61, 2737 (1939); The restate obtained in this investigation 
as wel) as the |»e<;ed^ one dlset^^^ in Chapter 3, especially Table 5.2. 
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of orifice. Then 


TT sin ^ 

" " 0.(K)136A ’ 

\ 

where the factor in the denominator converts the pressure from grams 



Fig. 10. Manometer for determination of absolute vapor pressures (Verhoek 

and Marshall). 

per square centimeter into microns. (In the device described, W » 
0.787 g, and A = 7.716 cm®. ) 

In order to eliminate possible back pressure on the disk D and prevent 
the disk from adhering to the glass by the surface toision of any liquid 
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formed, a condensing tube, C, filled with liquid air is used and a platinum 
resistance heater is located around the glass tube at 0. 

Further details of construction quoted from the original paper are as 
follows: 

To measure $, the turning motion was carried through a worm gear to a disk 
15.0 cm in diameter divided on its circumference into 216 divisions, each of which 
corresponded to a deflection of one minute of arc. Consecutive readings at a given 
temperature could easily be reproduced to within one minute of arc. The pendulum 
consists of a Duralumin disk D, 0.013 cm thick, suspended by means of Duralumin 
wire, 0.05 cm in diameter, from a shaft riding in jeweled bearings. The circular 
corrugation (dd', Fig. 10) in the disk serves to stiffen and hold it perfectly flat. 

In connection with a discussion of methods for the determination of 
absolute vapor pressures, it is also of interest to mention the miethod 
devised by M. Volmer, S. Heller, and K. Neumann®® and applied by 
Neumann and E. Volker®® to measure vapor pressures of potassium and 
mercury in the range 10~® to 10“® mm. 

The material to be investigated is placed in a small glass vessel con- 
sisting of two bulbs joined by a short piece of rather wide tubing and 
provided with a tubulation at the center and with two very small holes 
in the bulbs which are opposite to each other. The vessel is suspended 
at the center, and the surrounding glass container is evacuated. The 
vapor streaming out of the two holes causes the suspended vessel to be 
rotated through an angle which is proportional to the pressure. 

4. VISCOSITY MANOMETERS 

As shown in Chapter 1, section 8, the rate of transfer of momentum 
from a surface moving with velocity u in the plane of the surface, to a 
stationary surface parallel to it at distance d, is given, at low pressures, 
by the relation 


d + 2f 


( 1 . 8 . 35 ) 


In this equation is the coefficient of slip, which is proportional to the 
mean free path L and, consequently, is inversely proportional to the 
pi^ure. 

Hence, the last equation can be written in the form 


B 2£_ 

tl + 2bf, 

** Z. phyiik, Ch/m., Bodenitein~Fe»tiehrift, p. 863, 1981. 


(la) 
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or 


B - 


rju 

d + dP' 


(16) 


\' 

where b and c are constants which vary with the nature of the gas and 
that of the surface. In general, the constant b has a value of the order 
of unity. 

At very low pressures, where L'>dj equation la becomes 


B = 


IftU 


and, substituting from the relation 

71 = 0.5fWaL, 

we obtain the relation 


B = KipVaU (2) 



where Ki and K2 are constants. 

A relation of the same form as these equations may be derived from 
considerations similar to those used in deriving the laws of molecular 
flow. 

The number of molecules crossing unit area per unit time is given by 

V = jnva. 

If the molecules are leaving a surface having a velocity w, the mo- 
mentum transferred per molecule is mu. Hence, 

B = vmu 


T, / M 



(4o) 

Thus we can write, in general, 



(46) 


where Kisa. constant. 

As will be observed, the coefficient 17/d, which is independent of P at 

normal pressures, is replaced at low pressures by the coefficient P VW/T, 
which varies linearly with the pressure. 

In applying the above considerations to the construction of a gauge. 
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two different methods have been used. In the first of these, which is 
applied in what we may designate for reference as the “decrement'' type 
of gauge, a surface is set in oscillation and the rate of decrease of the 
amplitude of oscillation is taken as a measure of the pressure. Phys- 
ically, the damping may be explained as due 
to the gradual equalization of energy between 
the moving surface and the molecules of gas 
striking it. 

In the second method, a surface is set in 
continuous rotation and the amount of twist 
imparted to an adjacent surface is used to 
measure the pressure. The molecules striking 
the moving surface acquire a momentum in 
the direction of motion which they tend in 
turn to impart to the other surface. If that 
surface is suspended and free to turn about 
an axis which is perpendicular to the direction 
of motion of the rotating surface, it will be 
twisted around until the force due to the 
incident molecules is just balanced by the 
torsion of the suspension. We may, there- 
fore, designate this as the “static" type of 
viscosity gauge, to emphasize the fact that 
observations with this method are taken 
imder stationary conditions. 

Decrement Type of Viscosity Gauge. A 
gauge based on this principle was firstsuggested 
by W. Sutherland^^ and subsequently a 
very careful investigation on the same sub- 
ject was carried out by J. L. Hogg.^^ The 
construction used by Hogg, which was essen- 
tially the same as that used by Maxwell, and 
by A. Kundt and E. Warburg, in their deter- 
minations of the coefficient of viscosity, is 
shown in Fig. 11. A thin glass disk is sus- 
pended by means of a wire between two fixed 
horizontal plates N. The wire carries a mirror which may be viewed 
through a plato-glass Window D by means of a telescope and scale. At 
the top, the wire is supported by clamps and is coimected to a soft-iron 

PhU. Mag., 48 , 83 (1897). 

Proe. Am. Acad. Arts Sci., 48 , 115 (1906), and 45 , 3 (1909). 
the Je^erson Physical Lab., 1906, No. 4, and 1^9, No. 4. 



Fig. 11. Decrement type 
of viscosity gauge (Hogg). 


ContribuHons from 
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armature J which is supported by the swivel head K. Turning this 
armature by means of an external magnet sets the center disk in oscil- 
lation, and the rate of decrease of the amplitude of these oscillations is 
then observed by means of the telescope pointed at the window D. 

Let 6 denote the angles of twist at any instant. Then the motion of 
the suspended disk is expressed by a differential equation of the form 


where I == moment of inertia of disk 
R = coefficient of damping 
K = coefficient of restoring force 


The dimensions of each of these coefficients is given in parentheses. 
Hence the dimensions of each term in the equation are 
The solution of this equation is of the form 

6 = cos 2Tv{t — ^o), (6) 


where may be set equal to zero, and v is the frequency of oscillation, 
which is given by 



That is, the maximum amplitude of By denoted by Ay decreases ex- 
ponentially with the time. The solution expressed by equation 6 is 
valid if the damping factor is not too great. In fact, there exists a 
critical relation, 



which must be satisfied for the occurrence of oscillations. 

Let T = 1/p denote the period of a complete oscillation. If A\ and A 2 
denote two successive values of the maximum amplitude Ay it follows 
from equation 6 that 




( 8 ) 


where X is known as the logarithmic decrement. 

Let < 0.5 designate the time required for the ma»inmim amplitude to 
decrease to half its initial value. Thep 


In 2 r In 2 

' ■ i as -I .ii... • 


^ 0.8 


«/(2/) X 


( 9 ) 
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At normal pressures, R is proportional to the product of i)/d and i*, 
where I is a length proportional to the radius of the disk, and d is the 
distance between the disk and stationary plate. Thus, at these pres- 
sures, X is independent of the pressure. However, at lower pressured, 
it follows, as shown above, that R must vary linearly with the product 
pvj*. Consequently, X should vary linearly with the pressure. 

This statement, however, requires some modification. Let Xo denote 
the value of the decrement at normal pressures, and m the decrement of 
the suspension itself. 

From equation 16 and the above considerations regarding the varia- 
tion with pressure in the value of R, it follows that, in the intermediate 
range of pressures for which L, the mean free path, is not very large com- 
pared to d. 


that is, 



Xq — M 
.X-M 


C 




(lOa) 

(106) 


where O' is a constant. 

This is the relation used by Hogg in connection with his gauge. It is 
evident that this gauge is not suitable for measuring very low pressures, 
since the value of X then becomes comparable with that of y. and there- 
fore the determination of P involves large experimental errors. 

A contribution to the theory of this type of gauge has also been pub- 
lished by P. E. Shaw.^® He has recorded measurements down to 
0.35 • 10^ mm of mercury. 

Qmrtz Fiber Gauges. This method was first suggested by I. Lang- 
muir^^ for measuring the pressure of residual gas in a sealed-off incan- 
descent lamp, and it has been used by the writer in some investigations. 
Following Langmuir’s suggestion, a gauge of this type was described by 
F. Haber and F. Kerschbaum^^ in a paper in which the theory of its 
operation was also discussed in detail. 

While these investigat<HS used the g^uge to measure the pressures 
of vapors ci water, iodine, and mercury, A. Henglein^‘ used the same 
type of gauge to measure Ihe dissociation pressure of chlorine at high 

^*Proe. Phya. Soc. London, Xt, 171 (1917). 

f* J. Am. Chem. 3«, 106 (1913). 

»* Z. SMkocAm., 90, 296 (1914). 

''Z.anatg. oOgem, Chon., 138, 145 (1932). 
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temperatures, and D. H. Scott^® applied it to measure vapor pressures 
of cesium and rubidium. 

The construction of the gauge described by Haber and Kerschbaum is 
shown in Fig. 12a. It consists of a fine quartz fiber (diameter ranging 
from 0.01 to 0.005 cm) sealed into the top of a glass tube. The fiber is 



set in oscillation by tapping the glass bulb gently, and 
the rate of decrease of the amplitude of vibration is 
observed by means of a telescope and lamp, as 
shown in Fig. 125, 

Theoretical considerations, which are discussed 
more fully below, lead to the following relation for 
the determination of the pressure. 

Let ^ 0.5 denote the interval of time required for 
the maximum amplitude to decrease to half value. 
Then, 

P\/M = — -C, (11) 

^ 0.6 



\ 


Fig. 12a. Quartz 
fiber gauge. 


Fig. 126. Optical arrangement for 
quartz fiber gauge. 


where B and C are constants characteristic of the fiber. The physical 
significance of these constants will be evident from the discussion of the 
theory of operation of the gauge. 

In the case of a mixture of two or more gases, the sum of the terms 
Pi 'S/Mi for each gas must be used instead of Ps/M, where P,- is the 
partial pressure of the gas of molecular wei^t M,. 

It is evident from the form of the last equation that BjC corresponds 
to the value to at which the amplitude would decrease to half value in a 

” PM. Moff., 47, 32 (1924). 
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perfect vacuum. For calibration, it is necessary to obtain only two 
points, corresponding to the two constants B and C. One of these may 
be determined by observing the value <o iii a very good vacuum; the 
other point may be obtained by calibrating against a McLeod gauge 
with some gas of definite composition. 

The following data are given by Haber and Kerschbaum for a*quartz 
fiber 7.0 cm long and 0.013 cm in diameter. Air was used for calibration. 


^ mm 

PmmVM 

^.6 (seconds) 

B 

0.00302 

0.01626 

74 

1.22 

.00494 

.02664 

46 

1.23 

.00776 

.0417 

31 

1.30 

.0117 

.0630 

22 

1.39 

.01880 

.101 

12 

1.23 

.0260 

.140 

10 

1.40 

= 0.0003 



Avg. 1.28 


Some measurements with air taken by H. A. Huthsteiner in this 
laboratory, using a fiber 3.8 cm long and 0.0046 cm diameter, are given 
for comparison. 


Pmm <0.5 (seconds) 

0.00058 105 

.00342 31 

.0080 16 

.0190 6.5 

Plotting Pmm against l/<o .5 gives a straight line whose equation is 
Pmm = 0.130/(o.6 - 6.55 • 10“^. For air, Vm = 5.38. Hence, for 
this particular fiber 

n 0.705 

Pmm VM 0.00363. 

A ).6 

Since to = 200 in this case, it is evident that this fiber could not be used 
for measuring pressures below about 0.0001 mm of air. It also follows 
from the form of the above relation that the heavier the gas the lower 
the range of pressures over which the gauge may be used. 

The optical arrangement suggested by Habw and Kerschbaum (Fig. 
126))may be varied in practice by fastening a scale to the back of the 
gauge and placing the lamp in such a position that the light beam passes 
practically parallel to this scale. The scale and tip of the quartz fiber 
are then sighted by means of a cathetometer. 

These investigators used tubes which w^re more or less Ikittened on 
two sides, but ordinary cylindrioal-walled tubes are more convenient and 
almost as satisfactory. As observed by Haber and Kerschbaum, care 
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should be taken to tap the glass in such a manner that the fiber vibrates 
in the plane at right angles to the line of sight from the cathetometer. 
With a little experience, this can readily be accomplished. In view of 
the simplicity of construction and relative ease of manipulation, the 
quartz-fiber gauge ought to find a useful field of application in low- 
pressure technique, where the pressures to be measured are not below 
about 0.05 micron. 

The difficulty encountered in getting the fiber to vibrate in a definite 
plane led A. S. Coolidge^^ to devise a bifilar form of gauge, in which two 
quartz fibers are fastened to the support 1 cm apart and fused together 
at the free ends, forming a V. 

In this laboratory Mrs. M. R. Andrews^® replaced the vibration ele- 
ment by a strip of 0.1 mm molybdenum about 10 cm long by 2 mm wide. 
This was welded to a strip of 10 mil nickel which was in turn welded to 
two leads in the stem of a bulb. The gauge was used to measure vapor 
pressures of naphthalene as low as 0.034 • lO""® mm. 

A form of the decrement gauge used by E. Bolton King^® is shown in 
Fig. 13. The construction is described as follows: 

The essential part consists of a silica fiber A, between 3 and 4 in diameter and 4 cm 
long, which is fixed by a small amount of gold to the silica frame R, the tension, 
which thus does not vary with changes in temperature, being about half that required 
for breaking. At the center of this fiber, and at right angles to it, are fixed two 10 /u 
fibers 2.5 cm long, one on either side of the suspension. The ends of these remote 
from the frame are fused into a sphere about 50 m in diameter, while the other ends 
are fixed together by a minute amount of iron, which, when activated by an electro- 
magnet outside the case, also serves to start the oscillations of the cross-piece, the 
damping of which is measured. If the external case is of glass, the frame is held in 
the cylindrical socket D by the spring E, while if it is of silica the frame is fused 
directly to it. Two flat windows, G and F, are fused to the case, the fofmer for 
observing and the latter for illuminating the tip of the cross-piece. 

The gauge is exhausted through the opening H, 

The lower limit of the gauge for a light gas such as oxygen is stated to 
be 2 • 10“® mm. 

A considerable increase in the sensitivity of this type of gauge was 
obtained by E. Briiche*® by the development of a quartz “surface” 
manometer. The details of construction of this gauge, shown in Fig. 14, 
are as follows: To the supporting rod T are fastened two flat quartz 
fibers 75 mm long and 0.8 by 0.1 mm in cross section. These are 
attached to a quartz membrane 26 by 25 mm in area and 0.04 mm thick. 

” /, Am. Chem. Soc., 46 , 1637 (1923). 

J. Phyg. Chem., 80 , 1407 (1926). 

Free. Phy$. Soe. London, 88, 80 (1925). 

^Physik. Z., 86, 717 (1925); Ann. PhysiJt, 79, 695 (1926). 
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This membrane has fastened to it, at the bottom, a very thin-walled 
small quartz tube in which is sealed a piece of iron wire, 7 mm long 
and 0.5 mm in diameter. Below this is a pointer, S, which is used to 
indicate the amplitude of vibration by means of a telescppe, M. A fork, 
O, limits the extent of the vibration. A 4-cm-diameter tube encloses 
the vibrating system, which is supported on the glass framework, F. 


F 



Fig. 13. Decrement 
type of viscosity gauge 
(King). 



Fig. 14. Quartz mem- 
brane manometer. 


Briiche confirmed, by measurements with hydrogen, air, and the inert 
gases, the validity of equation 11 over the range 5 • lO"^ mm to 2 • 10”^ 
mm, and concluded from his experience that this type of gauge should 
find extensive application in high-vacuum technique and for the meas- 
urement of very low pressures of chemically active vapors. 

More recently, the theory and applicability of this type of gauge have 
been discussed very comprehensively in two papers by G. Wetterer.^^ 
The following remarks are based largely on the contents of the second 
of thew papers, 

mentioned aboye, the motion of the quartz meiPbrane and sup- 
porting wires is represented by equation 5, in which $ denotes the angular 

2f. PhyBik, 80, 281 (1939),* Wiss. V^entL Siemens-Werkm, 19, 68 (1940). 
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displacement with respect to a vertical axis. The coelBcient of damping, 
R, is the sum of two coefficients, Ra, which represents the damping due 
to the gas molecules, and fl,-, which corresponds to the intrinsic damping 
of the system in vacuo. , 

Consequently, we can write equation 9 in the form 

^ 2/ • In 2 

~ Ra + Ri 


i.ssas/ 

Ra + Ri 


( 12 ) 


As stated above, Ra is proportional to the product of pVa and a quantity 
which has the dimension of l^. In order to calculate the magnitudes of 
Ra and I, the moment of inertia, Wetterer assumes that the system of 
quartz fibers and membrane can be replaced by a duplex fiber and two 
rectangles as shown in Fig. 15. Using the designations for the dimen- 
sions given in this figure, Wetterer derived the fol- 
lowing relations: 




“r 


3 3 


a^) 


+ Ri, (13) 


/ = 


m2 




(14) 


Fxg. 16. Illustrat- 
ing theory of mem- 
brane manometer. 


where D == width of fiber (centimeters). 
mi = mass of each fiber (grams). 
m 2 = mass of membrane (grams) 
= 4a^d • s. 

d = thickness of membrane, 
s = density of quartz. 


Substituting these relations in equation 12, it follows that 

Ki 


to,5 — 


KzPVM + Ri 


(16) 


where Ki, K^, and Ri are constants which depend upon the dimensions 
and density of the quartz fibers and membrane. This equation can 
obviously be rewritten in the form given in equation 11. 

For fine wires having negligible mass compared with that of the 
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of side of a square membrane) in millimeters. 
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membrane, equation 16 takes the form 


to.B = 


Ksd 

pVm + K4\ 


(16) 


where Ks and K 4 are constants. Thus the value of < 0.6 varies directly 
with d, the thickness of the membrane. At higher pressures, the value 
of Ki is negligible compared to PV M, and the last equation then reduces 
to 


P = 



(17) 


that is, log P = log (Kad) — log (to.s) — 0.5 log M, and consequently 
the plot of P versus < 0.5 on log-log scales should be linear with a 45° 
slope. 

Figure 16 shows such plots for a series of membranes for which a 
varies from 1 to 100 mm. As will be observed the plots show a 45° slope 
at higher pressure and become flatter at lower pressures. The flatter 
region of each curve indicates the lower limit of pressure for practical 
purpose. The larger the value of a, the lower the pressure at which 
such a gauge may be operated. 

For practical use, Wetterer has also developed an attachment which 
makes it possible to project the indicator of the quartz membrane on a 
matt screen. 

Since values of < 0.5 greater than lO* seconds are obviously impractical 
it would seem that the lower limit of pressure which could be measured 
by this type of gauge is about 10"^ micron. 

A very interesting application of the considerations discussed above 
has been described by J. W. Beams, J. L. Young III, and J. W. Moore,®* 
in connection with their investigations on the production of high cen- 
trifugal fields by spinning small steel spherical rotors at extremely high 
speeds in a vacuum. They made the following observation. When the 
rotor, after being brought up to speed, is allowed to spin freely with 
driving power off, the speed decelerates at a rate that depends on the 
pressure in accordance with the relation 




M 


2irRoT 




( 18 ) 


where r = radius of spherical rotor, 

p = density of the steel ( = 7.8 g/cm®), 

•* J. Applied Phyt., 17 , 886 ( 1946 ). 
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fo = revolutions per second initially, 

/ = revolutions per second at time t (seconds), 

and Mj Roj and T have the usual signification. 

'With a 1.59-mm rotor spinning freely at about 120,000 rps, with a 
pressure of about 10~® mm Hg, it required roughly 2 hours to lose 1 per 
cent of its speed.*' The pressure actually measured with an ionization 
gauge was between 10*~® and 2 • lO""® mm of Hg. 

Rotating Disk or Molecular Gauges* The molecular gauge suggested 
by I. Langmuir®^ represents a direct application of equation 46. The 
construction and results obtained with a gauge built on this principle 
have been described by Dushman.®^ 



Pia. 17a. Molecular gauge. 


It consists of a glass bulb B (Fig. 17a) 
in which are contained a rotating disk A 
and, suspended above it, another disk C. 
The disk A is made of thin aluminum and 
is attached to a steel or tungsten shaft H 
^mounted on jewel bearings and carrying a 
magnetic needle NS. Where the gauge is 
to be used for measuring the pressure of 
corrosive gases like chlorine, the shaft 
and disk may be made of platinum. The 
disk C is of very thin mica, about 0.0025 
cm thick and 3 cm in diameter. A small 



Flo. 176. Rotating commutator for use 
with molecular gauge. 


imrror 4f, about 0.5 cm square, is attached to the mica disk by a frmnework of thin 
alununum. This framework carries a hook with ^uare notch which fits into another 
hook i^milarly shaped, so that there is no tendency for one hook to turn on the other. 

6,212 (1916). 
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The upper hook is attached to a quartz fiber, F, about 2 • 10“"* cm diameter and 15 cm 
long. 

The lower disk can be rotated by means of a rotating magnetic field produced 
outside the bulb. This field is more conveniently obtained by a Gramme ring, GG, 
supplied at six points with current from a commutkting device rotated by a motor 
(Fig. 176). In this way the speed of the motor determines absolutely the speed of 
the disk, and the speed of the latter may thus be varied from a few revolutions per 
minute up to 10,000 or more. 

By applying equation 4b it can be shown that the angle of torque (a) 
on the upper disk is given by the equation 



where r = period of oscillation, 
r = radius of rotating disk. 

I = moment of inertia of disk. 

0 ) = angular velocity of rota^on. 

K = constant, which depends upon the nature of the gas and the 
accommodation coefficients for transfer of momentum. 

Hence, for any one gauge, the torque on the upper disk is proportional 
to the product of the speed of rotation of the aluminum disk and the 
quantity PwM/T, The sensitivity of the gauge can thus be increased 
by increasing the speed of rotation; also, by illuminating the mirror 
and using an arrangement similar* to that used for galvanometers, it is 
possible to use the gauge to measure pressures of the order 10”*® to 
10~^ micron. 

The gauge actually used for measuring very low pressures showed a 
deflection of 1100 mm per microbar of air, at 1000 rpm, with the scale 
50 cm from the mirror. Up to a pressure at which the mean free path 
of the gas molecules becomes comparable with the distance between the 
two disks, the deflections, at constant speed of rotation, were found to 
be proportional to the pressure as observed by a McLeod gauge. 

At extremely low pressures (below about 3 • 10“^ micron) the indica- 
tions of the gauge were found to be inaccurate because of two sources of 
error. First, the rotation of the magnetic field produced by the Gramme 
ring tends to induce eddy currents in the metal framework that holds 
the mirror; and second, there is a tendency for the upper disk to start 
swinging, especially at very high speeds of rotation of the aluminum disk. 
As the damping at low pressures is very feeble, it is exceedingly difficult 
to stop this oscillation when once started. 

Working independently of Langmuir, and about the same time, A. 
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Timiriazeff®® also suggested the application of equation 46 to the con- 
struction of a low-pressure gauge. Since he was primarily interested in 
determining the laws of slip for different gases, his actual design is not 
suitable for a very sensitive gauge. Instead of a rotating disk with a 
stationary disk situated symmetrically above it, Timiriazeff used a 
rotating cylinder with a stationary cylinder placed symmetrically inside 
it and suspended by a phosphor-bronze wire. 

Though no subsequent investigators (as far as the writer is aware) 
have attempted to use this type of construction for a vacuum gauge, 
there is no doubt that, by application of technique available at the 
present time, such a gauge could be constructed very much more readily 
and would prove extremely useful for the measurement of low pressures. 

A gauge based on the same principle has been described by H. Riegger.®^ 

6. RADIOMETER TYPE OF GAUGES 

• 

Crookes’ Radiometer. One of the first instruments to be used for 
detecting low gas pressures was the radiometer devised by Sir William 
Crookes in 1873. The instrument, which is described in most textbooks, 
consists of a glass bulb in which a small vane or fly is mounted on a 
vertical axis. The vane has four arms of aluminum wire on which are 
attached four small plates of thin mica, coated on one side with lamp 
black. These plates are set so that their planes are parallel to the axis. 
If a source of light or heat is brought near the bulb, and the rarefaction 
is just right, the fly rotates, but at very low pressures the rotation prac- 
tically ceases. 

The theory of the device was apparently not very well understood for 
a long time, and attempts to use it as a gauge for low pressures yielded 
very unsatisfactory results. Dewar^^ has stated the case for this instru- 
ment as follows; 

The radiometer may be used as an efficient instrument of research for the detection 
of small gas pressures. For quantitative measurements the torsion balance or 
bifilar suspension must be employed. 

Some years ago W. E. Ruder, of this laboratory, developed a method 
of using the radiometer for the measurement of the residual gas pressure 
in incandescent lamps. The following account wa^ prepared by him at 
the request of the writer: 

Ann. Phy^ik, 40, 971 (1913). 

Z. tech. Phyaik, 1, 16 (1920); Sci. Abat., 24, 163 (1921). 

Proc. Roy. Soc. London^ A, 79, 529 (1907). 



294 


MANOMETERS FOR LOW GAS PRESSURES 


[Chap. 6 


It was found that when exhausted to the degree required in an incandescent lamp 
* the radiometer could not bo made to revolve, even in the brightest sunlight. In 
order to get a measure of the vacuum, the radiometer vanes were revolved rapidly 
by shaking the lamp, and the time required to come to a complete stop was therefore 
a measure of the resistance offered to the vanes by the gas, together with the fric- 
tional resistance of the bearings. The latter quantity was found to be so small in 
most cases that a direct comparison of the rates of decay of speed of the vanes gave a 
satisfactory measure of the degree of evacuation. In this manner a complete set 
of curves was obtained which showed the change in vacuum in an incandescent lamp 
during its whole life and under a variety of conditions of exhaust. The chief objec- 
tions to this method of measuring vacua were the difficulty in calibrating th(j radi- 
ometer and the difference in frictional resistance offered by different radiometers. 
For comparative results, however, the method was entirely satisfactory. 


As a result of his investigations of the laws of heat transfer in gases 
at low pressures, Knudsen arrived at a clear explanation of the radio- 
meter action and furthermore developed, along the same lines, an 
accurate gauge for the measurement of extremely low pressures. 

According to Knudsen, a mechanical force ii exerted between two 
surfaces maintained at different temperatures in a gas at low pressure. 
This is due to the fact that the molecules striking the hotter surface 
rebound with a higher average kinetic energy than those that strike 
the colder surface. In the case of the radiometer the blackened sur- 
faces absorb heat from the source of light, and the molecules rebounding 
from the vanes are therefore at a higher temperature than those striking 
the walls of the bulb. Consequently a momentum is imparted to the 
vanes which tends to make them rotate.®® 

Knudsen Gauge. The principle of this gauge®^ may be explained 
by referring to the lower part of Fig. 18. Let us consider two parallel 
strips A and B placed at a distance apart which is less than the mean 
free path of the molecules. Let A be at the same temperature To as 
the residual gas, while B is maintained at a higher temperature Ti. 
On the side away from J5, A will be bombarded by molecules having a 
root-mean-square velocity corresponding to the temperature To, as 
given by the equation 




ISRoTo 

y M 


These molecules will, of course, rebound from A with the same velocity. 

The theory of the radiometer, especially at medium pressures, has been dealt 
with rather fully by G. D. West, Froc. Phya, Soc. {London)^ 26, 324 (1912-1913); 
28, 259 (1915-1916); 31, 278 (1918-1919); 32, 166, 222 (1919-1920). More recent 
discussion of the same topic is given at the end of this section. 

_ »»Ann. Phyaik, 32, 809 (1910). 
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However, on the side towards By A will be bombarded by molecules 
coming from B and having a higher velocity Vi corresponding to the 
temperature Tj. Consequently A will receive 
momentum at a greater rate on the side to- 
wards B than on the opposite side, and will 
therefore be repelled from B. 

In deriving the relation between the pres- 
sure of the gas and the force exerted on the 
surface A, we shall follow the simple deriva- 
tion given by G. W. Todd.^^ 

If the distance between the surfaces A and 
B is less than the mean free pathy the force F is 
given by the rate at which momentum is trans^ 
f erred per unit area from B to Ay that is, 

F = ^nvo(mvi — mvo) 

D fcl 0 

For small differences of temperatures, and 
for the purpose of pressure measurements, 
this equation may be written in the form 

Thus, for constant value of (Ti — T^)/T^y the force is proportional 
to the pressure and is independent of the molecular weight of the gas. 

In order to measure this force of repulsion, Knudsen uses the arrange- 
ment shown diagrammatically in the upper part of Fig. 18. The strip A 
is replaced by a rectangular vane, cut out in the center and suspended 
by means of a fiber S, Two strips BB which can be heated are placed 
symmetrically on opposite sides of this vane, and the force of repulsion 
is then balanced by the torsion of the fiber. By means of the mirror, M , 
the deflection can then be measured in the same manner as in gal- 
vanometers. 

Phil. Mag.y 38, 381 (1919). See also derivation by A. E. Lockenvitz, Rev. Sci. 
InatrumentSy 8, 417 (1938). 




Fig. 18. Diagrammatic 
sketch of Knudsen type of 
gauge. 
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For this arrangement, equation 2 assumes the form 

4ir2/Z) T 
“ rAr^d ‘ Ti-T' 


where I = moment of inertia of the moving vane, 
r = mean radius of the moving vane. 

A = area of the vane A opposite each strip S. 
T - period of vibration of the vane. 

D = scale deflection. 


d = scale distance. 


(3) 



Fig. 19. Simple con- 
struction of Knudsen 
gauge. 


Since all these quantities can be measured 
directly, it follows that the device can be used 
as an absolute manometer , without the necessity 
of calibrating against any other gauge. It is 
also evident that the indications of this gauge 
must be independent of the nature of the gas to 
be measured. 

In his first paper on this subject, Knudsen 
mentioned several different forms of construction 
which might be used in making a gauge on the 
foregoing principle but gave very few construc- 
tional details. One form which appears to be 
very simple in construction is shown in Fig. 19. 

In A A, a glass tube about 1.4 cm in diameter, 
is sealed a narrow tube BB which has a rectan- 
gular piece cut out at C, 0.41 cm wide by 2.95 cm 
long. A piece of mica D is suspended in front of 
this opening by means of a fiber fastened at E, 
The tube A A can be heated by means of an 
external water jacket FF, As the temperature 
of the water in FF is raised, the mica plate is 
repelled by the ‘‘hot” molecules traveling 
through the opening C, and the amount of de- 
flection can be observed by means of a micro- 
scope. 


Variations of this construction were described by Knudsen in a later 
paper.^^ E. v. Angerer®^ described a Knudsen manometer which con- 


sisted of a silvered mica vane between two electrically heated platinum 


Ann. Physikf 44 , 525 (1914). 
Ann. Physiky 41 , 1 (1913). 
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strips. He stated that pressures as low as 8 • mm of mercury could 
be measured with it. 

The same type of design has also been used by J. W. Woodrow®^ and 
by J. E. Shrader and R. G. Sherwood.^^ 



Woodrow’s Modification of Knudsen 
Gauge. The following description of 
Woodrow’s form of Knudsen gauge is 
quoted from the original publication: 

Several different gauges were constructed vary- 
ing in sensitivity so as to be used at different pres- 
sures. A typical gauge is shown in Figs. 20a and 
206, and the electrical circuits are given in Fig. 21. 
The glass rods GG served as supports for the me- 
tallic parts of the gauge. All the internal electrical 
connections and adjustments, with the exception of 
the final leveling, were made before the outer glass 
walls 00 were sealed on at SS. The suspension 
W was a phosphor-bronze ribbon 50 mm in length 
which had been obtained from W. G. Pye and 
Co. and was listed by them as No. 0000. The 
movable vane VV consisted of a rectangular frame 
of aluminum 0.076 mm in thickness, the dimen- 
sions of the outer rectangle being 30 by 36 mm 



Fig. 20a. Woodrow’s modifica- 
tion of Knudsen gauge. 


Fig. 206. Cross-sectional view 
through the middle of "the gauge 
shown in Fig. 20a. 


and the inner 26 by 30 mm. The heating plates PP were platinum strips 4 mm 
wide, 40 mm long, and 0.025 mm thick. The deflections of the movable vane 
were obtained in the usual way by the reflection of a beam of light from the mir- 
ror Af. Figure 206 is a cross-sectional view through the middle of Fig. 20a. 

All of the platinum connections were made by electric welding, as that was found 
much more satisfactory than the use of any kind of solder, especially when heated. 
After a little practice, it was possible to weld the thin platinum heating vanes to the 
hefl,vy platinum wire so as to make a perfectly continuous contact throughout its 


^^Phys. Rev., 4,491 (1914). 
Phye. Rev., 12, 70 (1918). 
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width. The phosphor-bronze suspension was connected at both ends by threading 
through three small holes drilled into the flattened extremities of the platinum and 
aluminum wires respectively. The small loops DD were so placed that they sup- 
ported the movable vane V except when the gauge was leveled for taking readings. 
Tliis made the gauge readily portable and, by placingsit in the inverted position when 
connected to the molecular pump, the danger of the breaking of the suspension by 
vibration was eliminated. One gauge of medium sensitivity was constructed so as 
to be sufficiently steady to be used when connected directly to the molecular pump. 
Large glass tubing was employed in all the connecting portions of the apparatus. 

A small electromagnet, shown at E in Fig. 20a, was employed in bringing the 
moving vane to rest. This was found to be quite necessary in working with the most 

sensitive gauges, since in a very good vacuum 
the damping is so small that the vane will not 
settle down sufficiently for the taking of read- 
ings for some time after an accidental disturb- 
ance luis set it vibrating. It should be 
noted that the electromagnet must have either 
an air core or one of good, soft Norway iron, 
for otherwise the residual magnetism will pro- 
duce a false zero if the aluminum vane is at all 
magnetic, as was the case with the samples 
of metal investigated in this laboratory. 
Under these conditions it is obvious that the 
electromagnet should be used only for damp- 
ing and that the exciting current should be 
shut off while making observations. 

Several methods were tried for determining 
the temperature of the heating strips, and that 
shown in diagram in Fig. 21 was finally set- 
tled upon as giving the most satisfactory 
results. The potentiometer leads TT were 
connected by electric welding to the very 
extremities of the platinum heating vanes PP. The heating current was 
regulated by the variable resistance R and its value was read on the amme- 
ter A. The resistance r 2 was kept constant at 10,000 ohms and ri varied to 
obtain a balance of the sensitive galvanometer G. The potentiometer battery C 
consisted of a carefully calibrated Weston Standard Cell. This arrangement gave 
an accurate method of measuring the resistance of the platinum strips PP, plus the 
heavy platinum wire ah, the total cold resistance being 0.17 ohm. This cold resist- 
ance was determined by plotting the curve connecting resistance and heating current 
under a constant low pressure and extrapolating backward to the intersection with 
the axis of resistance. If the resistance is measured for small currents, the value at 
zero current, that is the cold resistance, can be determined very accurately. The 
temperature coefficient of resistance of the platinum, which contained a small amount 
of iridium, was carefully determined and was found to give a linear relation within 
the range of temperatures employed. The value of the coefficient was 2.35 • 10““* 
ohm per degree C. With this system one can determine the mean temperature of 
the heating strips with sufficient accuracy, the error for temperature difference of 
about 50® C being less than 4 per cent. 



Fig. 21. Electrical circuit for 
determining the temperature of 
the heating strips in gauge shown 
in Figs. 20a and h. 
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Woodrow also observed that in order to avoid electrostatic effects it 
was necessary to silver-coat the outside of the glass walls, which were 
then grounded. Similarly the moving system was connected through 
the suspension to that terminal of the heating strips that was grounded. 

With the gauge whose dimensions are given above, the period of a complete oscil- 
lation was 10 sec and the calculated moment of inertia of the moving vane was 0.074 
g • cm^. This gives, for the pressure, the relations 

P,,6-2.9.1(r‘^;^d, 
p„„ = 2.2.i(r*y^d, 

where d is the deflection in millimeters on a scale at a distance of 1 meter from the 
mirror. 

Thus, with a temperature difference of 100° C, the gauge could be used 
to read pressures as low as 3 • 10~® mm of mercury. 

Shrader and Sherwood’s Modification of Knudsen Gauge. The 
construction used by Shrader and Sherwood differed in a few details 
from that used by Woodrow. In view of the importance of the Knudsen 
gauge for low-pressure measurements, the description of this modification 
is worth quoting. 

The gauge is shown in Fig. 22. It is enclosed in a hard glass tube 2 in. in diameter 
and 9 in. long. The heating strip aa is of platinum, 0.018 mm thick and 7.5 mm wide 
with a total length of 18 cm. It is folded at the top forming a cross piece and two 
parallel sides. The ends are brazed to 20-mil tungsten leading-in wires at the 
bottom. Fifteen-mil tungsten wires b sealed into the glass-rod support serve as a 
spring support for the platinum strip. This allows accurate adjustment of the strip 
and sufficient tension is secured to keep the strip taut during heating. One of these 
wires is carried up the glass-rod support, sealed into it at c, leaving a free end d to 
serve for electrical connection of the moving vane to the heating strip. Connection 
is made by the wire pressing under tension against the tungsten wire e to which the 
suspension of the vane is fastened. Potential leads of fine platinum wires ff are 
welded to the strip about 1 cm from the ends and are brazed to tungsten sealing-in 
wires. 

The movable rectangular vane g is made of aluminum 0.0076 cm thick. A stand- 
ard size adopted is 3.2 cm by 4 cm outside dimensions, the width of the vane being 
0.6 cm. Because of liability of warping during heat treatment the vane is stiffened 
by an aluminum wire passing through slits at the top and a hole at the bottom into 
which the wire is hooked and fastened firmly. For portability, two copper wires h 
are sealed into the glass-rod support while the free ends form loops around the rod, 
these forming guides for the vane. The mirror is fastened at the bottom of the vane 
by leaving a small projection of the aluminum at the lower edge and cutting out small 
tongues from the material of the vane on either sdde. The mirror is laid in place and 
the projection and the two tongues are pressed closely over it, holding it securely. 
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Silver mirrors were tried, but failed to withstand the heat treatment to which the 
gauge and system were subjected. Mirrors made by coating microscope cover glass 
with china decorators’ platinum solution, followed by baking at 500°, solved this 
difficulty. 



Fig. 22. Shrader and Sherwood’s modification of Knudsen gauge. 

The distance between the heating strip and the vane is adjusted from outside the 
case by magnetic control on a piece of soft iron i sealed into a glass stem to which the 
suspension is fastened. 

The suspension is 0.0005-in. tungsten wire. This is fastened to small aluminum 
hooks around which the wire is wrapped several times after which the hooks are 
pressed firmly together. This method is not difficult and holds the wire securely. 
A hook on the end of a tungsten wire sealed into a glass stem, the free end passing 
through a capillary rod j on the glass support, serves to hold the suspension. 

A gauge such as has been described, using a 0.0005-in. tungsten suspension from 
6 to 7 cm long, has such a sensibility that a scale deflection of 1 mm at a meter’s 
distance with a temperature difference of 150° C between the heating strip and the 
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movable vane indicates pressures of 1 • 10"® to 5 • 10"® mm Hg. One gauge of other 
dimensions than those given above would indicate a pressure of 5 • 10"® mm Hg 
under the same conditions. 

The temperature of the heated strips was measured by substantially 
the same electrical method as that used by Woodrow. 

L. F. Richardson®^ has described a construction of Knudsen gauge in 
which the force of repulsion is balanced by means of a magnetic field, 
and H. Riegger,®® a commercial form made in Germany at that time. 

In connection with his investigations on the theory of the radiometer 
E. Fredlund®^ constructed several forms of the Knudsen gauge which 
are quite elaborate. In all these constructions the movable vane is a 
thin circular metal disk located in the center between two large metal 
plates that are maintained at a constant difference in temperature. Two 
magnet needles are attached to the suspension of the disk and the force 
on the disk is balanced by passing current through two coils located in 
planes parallel to that of the disk. Thus the magnitude of the current 
required to obtain zero deflection is a direct measure of the pressure. 

The theoretical implications of the work of Fredlund and other in- 
vestigators are discussed at the end of this section. 

As Jesse W. M. DuMond and W. M. Pickels, Jr.,®® have pointed out, 
the reason for the infrequent use of the Knudsen gauge, ‘fin spite of its 
manifold advantages, lies in the elaborate designs and precautions 
described by the above-named workers, who really regarded the gauge 
itself “as the object of a research problem rather than a tool.^' 

Figure 23 shows a line drawing of the gauge designed by these inves- 
tigators, The movable vane (1) consists of a rectangular frame of 
2.5-mil aluminum to which is fastened an axle (2) of 32-mil aluminum. 
This axle carries an ordinary galvanometer mirror (5), attached to a 
0.5-mil tungstOT wire, which is fastened to an aluminum wire held by 
means of a set it^w (8) in the hole in the bottom of the steel taper plug 
(9). A vactiUpi-tight seal is obtained by means of laboratory wax or 
stopcock grease. The heaters (14) are helices of Chromel resistance 
wire, and the current leads are provided by means of the insulated 
vacuum tight plugs fastened by the nuts (18). The cylindrical brass 
envelope (20) of the gauge with its window and water jackets (21) is 
slipped over the brass disks (11) and (12) and sealed at (12) by means of 
solder or Apiezon wax. Two Hehnholtz coils outside the case are used 
to obtain magnetic damping. 

Proc, Phys, Soc. London, 81, 270 (1918-1919). 
tech, Phyaik, 1, 66 (1920). 

Ann. Phyaik, 18, 802 (1932); 14, 617 (1932); 80, 99 (1937). 

Rev, Sci, Inatrumenta, 6, 362 (1936). 
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The investigators state, 

instead of maintaining the gauge heater at constant temperature for all gas pressures 
in the gauge we let the heater assume whatever temperature the combined effect of 
rsidiation loss and gas conduction loss impose with^ a constant wattage input to 
the heater. 


Front elevation 
Base section 


Side elevation 



Fig. 23. Construction of DuMond and Pickels form of Knudsen gauge. 


Under these conditions, the relation between deflection of the mirror (D) 
and pressure is not linear, but has the form 


D = 


CP 

1 + BP' 


( 4 ) 


where C and B are two constants derived from a calibration of the gauge 
against a McLeod gauge (with liquid-air trap inserted between the 
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McLeod and the Knudsen gauge). The deflection is observed by means 
of a small lamp and galvanometer screen. By varying the wattage in 
the heater coils two scales are obtained for the pressure readings. On 
the more sensitive of these, pressures as low as 10“^ mm can be detected. 

A more rugged form of Knudsen gauge and, consequently, one that is 
not as sensitive as that devised by DuMond and Pickels has been 
described by A. E. Lockenvitz.®® The details of construction are 



Running 
water -A 


Microscope 


Lead washers 
for sea! 


-s 


Glass window 
sealed with Apiezon W 



Aluminum leaf / 
hanging from horiz. wire 


To vacuum system 



Fig. 24. Construction of Knudsen gauge by Lockenvitz. 

4 

shown in Fig. 24. As will be observed it consists, essentially, of a very 
thin aluminum leaf swinging freely from its upper edge between two 
surfaces maintained at constant temperatures. The author states, 

The hot and cold plates, which are machined out of copper, are sealed to the body by 
means of lead washers. The glass windows for observing the deflection of the leaf 
are sealed in with Apiezon W wax. The 0.01 mm thick aluminum leaf is hung from a 
fine wire by folding the top edge of the leaf over about 0.6 mm. A microscope is 
fastened to the body of the gauge and is focussed on one bottom corner of the alumi- 
num leaf so that a deflection of 0.006 mm can easily be read on the scale in the 
micrometer eyepiece. 

The pressure is directly proportional to the deflection. 

Rev. Sci. InatrumentSt 9, 417 (1938). 




304 MANOMETERS FOR LOW GAS PRESSURES [Chap. 6 

The lower limit of the gauge is stated to be about 0.75 • 10"”^ micron. 

However by using a thinner or a larger leaf, or both, the lower limits could^easily be 
extended to the region of lO""^ microbar. In that case it might be advisable to 
construct the gauge out of glass, since gases given off by the large metal surfaces 
would be troublesome. 

It will be observed that all such gauges in which an Apiezon wax or 
low-melting-point solder is used obviously cannot be given a heat 

treatment in order to eliminate ad- 
sorbed gases. Hence they must be 
maintained on the exhaust system 
for quite a long period before the 
pressure indications actually corre- 
spond to pressures in the rest of the 
system. 

In contrast to the forms described 
above is the ^‘simple Knudsen 
gauge^ described by A. L. Hughes, 
which is shown in Fig. 25. It con- 
sists of a Pyrex tube, 2.5 cm in 
diameter and 15 cm long. The 
heater, Pt, is made of a platinum 
strip 10 cm [long, 1.3 cm wide, and 
I.IQ-^ cm (0.04 mil) thick, and is con- 
nected to two 50-mil tungsten leads. 
The movable strip. A, is made of alu- 
minum leaf, 12 cm long, 0.4 cm wide, 
and 5 • lO""® cm (0.02 mil) thick. 
The strip is fastened to a 50-mil 
tungsten lead which is sealed in a ground-glass joint. The joint is 
sealed on the outside, as shown, by a suitable wax of very low vapor 
pressure. The author states that 

the aluminum leaf is connected electrically to the heater to ensure that no electro- 
static effects causing undesirable delections of the leaf can occur. The motion of the 
tip of the free end of the leaf is measured by means of a reading microscope with 
100 divisions in its scale. Seventeen divisions correspond to 1 mm. 

Current to raise the temperature of this heater is provided by a storage battery 
and measured by an ammeter. 

The sensitivity increases with increase in heating current as shown 
in Table 2. 

Rev, Sci, Instruments, 8, 409 (1937). 


To system 



Fig. 25. Simple form of Knudsen 
gauge by Hughes. 
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TABLE 2 

Variation in Sensitivity of Knudsen Gauge with Heating 
Current (Hughes) 


Heating 

Current 

1 Scale Division 

10 ® Micron 

(amp) 

Equals 

Equals 

0.2 

304. • 10“^ micron 

0 . 033 scale division 

0.5 

46.5 

0.22 

1.0 

12.4 

0.81 

1.5 

6.5 

1.54 

2.0 

4.37 

2.28 

2.5 

3.16 

3.17 


Calibration curves for the low-pressure and high-pressure ranges are 
shown in Figs. 26a and 266, respectively. 

Obviously, the ground-glass joint could be replaced by a permanent 
seal and the aluminum foil by one of a higher-melting-point metal to 
permit baking out the gauge at 400 to 500° C. 



Fig. 26a. Calibration for the low- 
pressure range of gauge shown in 
Fig. 25, heating cuiront 0,5 amp. 
Ordinates^ eyepie<^ divisions. 
Abscissas lOFT* mm. 


Fig. 266. Calibration for the high- 
pressure range of gauge shown in 
Fig. 25, heating current 0.2 amp. 
Ordinates^ eyepiece scale divisions. 
Abscissas = 10"“® mm. 


A construction radically different from that of all the Knudsen gauges 
mentioned above has been described by H. Klumb and H. Schwarz.^^^ 
Instead of a vane in a plane parallel to that of the heated surface, a 
cylindrical arrangement of vanes is used, as shown in Figs. 27a and 276. 
This system R is suspended in the annular space between the outer glass 
tube G and inner tube H (see Fig. 276), and a spiral heater is inserted 
in H. The molecules striking the glass surface H acquire a correspond- 
ingly higher kinetic energy, and, when these molecules strike the vertical 

Z. Phyvik, 122, 418 (1944). 
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vanes of the system 72, R acquires a rotational moment which is observed 
by the deflection of the mirror M attached to the suspension. (See 
Fig. 28.) The whole assembly, including the tungsten wire suspension 
and cooling chamber for the glass walls opposite 72, is shown in Fig. 29. 
The dimensions (in millimeters) are indicated in the figure. 



Fig. 27. Klumb-Schwarz modification of Knudsen gauge, (a) Showing cylindrical 
arrangement of vanes. (6) Assembly of vanes and heated inner cylinder. 


Instead of observing the deflection directly, a compensating magnetic 
field (produced by the action of the solenoids W 1 W 2 on the iron arma- 
ture D) may be used, as shown in Fig. 30. 

Let B denote the angular deflection. Then the pressure is given by 
the relation 

CqB = P, or ^ = EqP^ (5) 

where Co is designated the ‘‘reduction factor/' and Eq the “gauge 
sensitivity." Furthermore, 



where Ti is the temperature of the hot surface, To that of the cold sur- 
face, and Tf is a constant dependent upon the geometrical arrangement 
of surfaces, their dimensions, and also upon the magnitude of the accom- 
modation coefficient for the gas used. (See discussion below.) 

Figure 31 gives plots of data obtained under different conditions. 
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Fig. 28. Illustrating assembly 
of vanes and suspension for 
Klumb-Schwarz form of gauge. 
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The continuous curves were obtained for air with a gauge having a 
tungsten wire suspension 0.02 mm diameter and a cold temperature of 
13° C (cooling water). The dotted curves were obtained for air, with a 
tungsten suspension 0.01 mm in diameter and ^n external temperature 



Fig. 31. Log-log plot of deflection versus pressure for klumb-Schwarz gauge. 

of —180° C (liquid air). The temperatures of the heated surface (<i) 
are given in degrees Centigrade, and the pressures in millimeters of 
mercury. The abscissas denote the deflections in scale divisions. 

In accordance with equation 6 the plots on log-log scales should be 
linear with a slope of 45°. As shown in Fig. 31 the data for pressures 
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below about 10 microns are in agreement with the theoretical deductions. 
Furthermore, it was observed that, in accordance with equation 6, 
varied linearly with the value of V independently of the nature 
of the gas used. 



The Molvakumeter devised by W. Gaede^®^ is of interest because it 
incorporates features of both the viscosity type of gauge and the Knud- 
sen type. Figure 32a gives a diagrammatic sketch of the construction 
used. A thin aluminum vane, a (1 mg weight), is fastened by means of 
a fine glass fiber b to another glass fiber c, which carries a pointer, k. 
This, in turn, is attached above to the fine quartz fiber d. Protection 
against too great a deflection and breakage in manipulation are pro- 
vided, as shown in the figure, by supports attached to the wire o. The 
vane a is inside the tube 6, which is connected with the vacuum system 
by means of the ground-glass opening x, and outside the region e are 
located two heating surfaces / arranged as shown in Fig. 326. 

Z. tech. Phynk, 18, 664 (1934). 
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The vane is set in oscillation by means of the very thin magnetized 
plate h and a current pulse in the coil L Let ro denote the period of 
oscillation when the heating surfaces / are not operating, and r the 
period when these are operated. Then, the pressure ^ 

p = 4(i ±y (7) 

where A is an empirically determined constant. According to Gaede, 
the turning moment is proportional to the sc^uare of the radius of the 
foil a and inversely proportional to the radius of the tube e. 

The maximum amplitude of the oscillations will decrease in the period 
t from ao to an* Since this is a pure viscosity effect, 

PVM = (8) 

I 

Hence by combining these two equations both P and M can be de- 
termined. These equations are applicable only for pressures lower 
than about 10“^ mm mercury, at which pressures, L, the mean free 
path, is large compared to the distance from the glass wall, c, to the 
aluminum foil a, 

Gaede has also described an optical arrangement for observing pres- 
sures higher than 10“*^ mm. In the particular instrument used by him 
the values observed were as follows: to = 0.5 min and t = 0.25 min at 
Pmm = lO-^, From 20 successive oscillations the value of t could thus 
be determined with an accuracy of 1 per cent, and P to within 10“^ mm. 

Theory of the Radiometer Type of Gauge. At the beginning of this 
section, a simple derivation was given for the relation between the pres- 
sure and the force exerted on a surface by a parallel plane surface at 
higher temperature. As stated above, equation 1 is valid only at pres- 
sures so low that the mean free path, L, of the molecules is greater than 
the distance between the cold and hot surfaces. It is only under these 
conditions that the molecules can transfer momentum directly from the 
hot to the cold surface. At higher pressures, the “hot^^ molecules must 
lose part of their energy by collisions with cold molecules before reaching 
the cold surface. Hence it would be expected that the force exerted on 
the cold surface, which is known as the radiometer pressure and which 
we shall designate by F, will be lower at higher pressures, in spite of the 
fact that the concentration of molecules is higher. 

A number of investigators have made measurements on the variation 
in the magnitude of F with pressure. The results obtained by E. Briiche 
and W. Littwin^®^ with a number of different gases are of particular 
Z. Physik, 62, 318 (1928). 
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interest. In their experiments they used a gauge in which the thin vane 
for measuring F was located symmetrically between a hot surface and a 
cold surface. Figure 33 shows the variation in relative value of F with 
pressures in millimeters (plotted on log scale) for different values of the 
distance (d), in millimeters, between each surface and the vane. At 
any given pressure, the value of F is decreased by increase in d, because 



1/1000 1/100 1/10 1 


Millimeters 

Fig. 33. The values of the force F (in arbitrary units) on the movable vane in 
a Knudsen gauge, plotted against logPmm, for a series of values of the distance 
between the heated surface and the vane. From observations by Bruche and Littwin. 

of the decrease in the ratio L/d, Furthermore all the curves show that 
F attains a maximum value, Ff^^ for a certain pressure, Fm. 

From their observations Bruche and Littwin concluded that for any 
gas and given value of d these could be best represented by a relation of 
the form 




1 

a/p + P/b* 


( 9 ) 


where a and b are two empirically determined constants. At very low 
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pressures, this assumes the form, similar to equation 1, 

F (10) 

a 

\ 

and at high pressures the relation becomes 

( 11 ) 

Thus the variation in F with P is represented on linear scales by a 
curve such as AMB which is shown in Fig. 34. At very low pressures, F 



Fig. 34. The force F on the movable vane in a Knudsen gauge, plotted versus 
P/i, illustrating the application of equation 9. 

increases linearly with P until the pressure attains a value corresponding 
approximately to the point A (6 to 7 microns). With further increase 
in P, F deviates more and more from the linear plot and reaches a 
maximum value at M (about 50 microns). Beyond this point F de- 
creases slowly and approaches asymptotically the values given by the 
hyperbola F = b/P. 

For constant value of d, and different gases, it was observed that the 
values of Fm (the maximum value of F), and of the pressure at which 



Sec. 6] 


HEAT CONDUCTIVITY MANOMETERS 


313 


this maximum occurs, vary in approximately the same manner as those 
of Thus, if AMB represents the plot for helium, the plots for 

other gases would lie below it, and that for carbon dioxide would be 
below that for argon or oxygen. 

E. Fredlund^®^ found that, in general, the linear relation (equation 10) 
between F and P is valid for values of L/d which are greater than about 
13. For instance, d = 0.485 cm corresponds to the following maximum 
values of for different gases: H 2 , 1.3; N 2 , 0.73; O 2 , 0.8; and A, 0.8. 
On the other hand, for d = 0.095 cm, the maximum values of P^ for 
the applicability of the linear relations were as follows: H 2 , 5.75; 
N 2 , 3.25; O 2 , 3.65. 

It follows that the relation between F and P is a function of the 
ratio L/d, which approaches that given by the linear relation for L/d 
very large and deviates from the linear relation more and more as L/d 
becomes smaller (at increased pressures). 

A factor that has not been taken into account in deriving equation 1 
above is the accommodation coefficient^ designated in Chapter 1, section 
10, by O'. If this coefficient has a value less than unity, then equation 1 
has to be replaced by the relation 



where K is a function of the values of a for each surface the value of 
which lies between 0 and 1. Hence equation 1 cannot be used to deduce 
a calibration for a Knudsen gauge from moments of inertia, etc., unless 
some definite value is assumed for the factor K, This point has been 
discussed at length by Fredlund, who reaches the conclusion that in 
most cases the factor K is only slightly less than 1. 

6. HEAT CONDUCTIYITY MANOMETERS 

Energy is dissipated from a heated surface in a gas in two ways: 
(1) by radiation: 

Er = 5.67 • ~ coTo^) watts • cm~^, (1) 

where ei is the radiant emissivity and Ti the temperature of the heated 
surface, and €0 and Tq refer to the cold surface; and (2) by conduction 
through the gas. 

(a) At normal pressure the conductivity, X, is independent of the 

See Tables 1.6 and 1.7 for values of L at 1 micron and 25* C. 

Ann. Physik, 18, 802 (1932); 14, 617 (1932); 80, 99 (1937). 
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pressure, and the loss is given by the relation (see Chapter 1, section 10) 
Ec = 4.186X(d!r/dx) watts • (2) 

where X is expressed in cal • cm"”^ • sec""^ per unit temperature gradient, 
at the surface, and dT/dx is the gradient in deg • cm”^. 

( 6 ) At low pressures y where the distance between hot and cold sur- 
faces is less than the mean free path, the loss by conduction is given by 
the relation (see equation 1 . 10 . 6 ) 

4 a 2 

= ^ AmPm J-tt- (^1 - watts • cm-^ (3) 

o z — ct \ y 0 

where Aa/ = molecular heat conductivity in watts • cm~^ at 0° C, and 
a = accommodation coefficient. 

Hence, for given values of Ti and To, the energy loss by conduction 
in a gas at low pressures, increases linearly with the pressure. Evi- 
dently the sensitivity of the conductivity method for the determination 
of pressure depends upon the relation between the two quantities E^ 
and Ek- 

Let us calculate the values of E/i and Ex for hydrogen (Xo = 41.3 • 
10 ~®, Am = 45.54 * 10~®), assuming €i = €2 = a = 1. Table 3 gives 
the values of Ex and Ex for a series of values of Ti and To. The first 
two rows in the table give, for comparison, values of Ec. The last 
column gives the value of the conduction loss per micron. Thus for 
Ti = 373, To = 273, Ex = Er for = 12.92. 

TABLE 3 


Heat Loss from Plane Surface in Hydrogen 
[watts/cm^J 


Pressure 

dTIdx 

Ti 

To 

Er 

Ec 

Ex per micron 

1 atm 

100 

373 

273 

7.83 

17.3 

— 

1 atm 

50 

323 

273 

3.02 

8.7 

— 

1 micron 

— 

373 

273 

7.83 

— 

0.606 

1 micron 

— 

323 

273 

3.02 

— 

0.303 

1 micron 

— 

323 

90 

5.25 

— 

7.78 


It follows that, at Ti = 373, To 5 = 273, and = 10 ~^, the loss by 
temperature radiation from a ^‘perfect^^ radiator is about 100 times 
that due to conduction by the gas. Hence, in order to reduce the effect 
of the term Er and to increase the relative effect of Ex, at low pressures, 
the surfaces used should have as low an emissivity as can be obtained, 
while it is advantageous to decrease To to as low a value as convenient. 
For tungsten and platinum (outgassed at high temperature) the value 
of € varies from about 0.03 at 0° C to about 0.10 at 500® C. 
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Gauges depending for their indication of pressure on the conductivity 
of the gas are, in general, operated under conditions in which the energy 
input is maintained practically constant. Hence the temperature of 
the heated surface decreases with increase in pressure, and the different 
types of conductivity gauges involve different methods for determining 
the change in temperature. In the thermocouple type, the temperature 
is determined by means of a thermocouple spot-welded at the center of 
a heated wire; in the resistance type, the change ih temperature is 
determined, as the name implies, by measuring the change in resistance, 
and, finally, since the length of a wire varies with temperature, this leads 
to a third method of measuring the temperature. 

Thermocouple Gauges. The earliest application of this type of 
gauge was made by W. Voege,^^® who used a^small thermocouple attached 
to a wire heated by constant alternating current. W. Rohn^^^ adopted 
the novel idea of heating the thermocouple in the gas by an external 
source of radiation (an incandescent lamp maintained at constant 
voltage), while E. Rumpf^^^ surrounded the thermocouple with a heated 
spiral. 

A customary construction of gauge is that used by Th. Haase, G. 
Klages, and H. Klumb.^^^ Figure 35, taken from their paper, shows the 
arrangement, which consists of a ribbon or wire, heated by current 
(alternating or direct), and a thermocouple, T, the junction of which is 
spot-welded at the center of H. In this case H was a Constantan ribbon, 
0.72 mm wide, 0.05 mm thick, and 49 mm long, connected to the inner 
leads ai amd ^2 sealed in the glass tube 72, which in turn was con- 
nected to the system in which the pressure was to be determined. An 
iron-Constantan couple was used, and an annular space was provided, 
as shown in the figure, for ice water or other liquid by means of which 
the temperature of the glass walls could be maintained at constant 
temperature (To)- 

Figure 36 shows plots of the deflections of an indicating instrument 
connected to the leads of the thermocouples, as a function of the pressure 
of air. The three plots were obtained under the following conditions: 


Curve 

Input 

Temperature 


(watts) 

CC) 

a 

0.014 

48 

b 

.226 

314 

c 

.98 

508 


^^^Physik. Z., 7, 498 (1906). 

Z. Elekirochem,, 20, 539 (1914). 
Z. tech, Phyeiky 7, 224 (1926). 
1®® Phyeih Z., 37. 440 (1936). 
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As shown by these plots, the range for air was from 1 mm down to a 
pressure between and 10“^ mm. Observations with hydrogen 
and carbon dioxide showed that the change in temperature with pressure 
decreases with increase in molecular weight of the gas. This conclusion 
is in agreement with that obtained from an inspection of the relative 
values of Am* 


dl 0>2 




10 "’ 10 "'* 10 '^ 10 '* 10 '* 10 ° 10 * 

' Millimeters of mercury 


Fig. 35. Thermocouple Fig. 36. Plots of readings on thermocouple meter 

gauge (Haase, Klages, versus log P^m (for air), at three values of \ the 

and IClumb). heating current, with gauge shown in Fig. 35. 

W. J. H. Moll and H. C. Burger, with a similar design of gauge, in 
which a more sensitive thermocouple was used, obtained an operating 
range from about 10“"^ to 10"“^ mm. C. Weisz and H. Westmeyer^^^ 
were able to extend the range down to about 10”"^ mm, by using a very 
thin wire (0.04 mm diameter). 

The construction used by W. Bartholomeyczyk^^^ is very simple. 
A four-lead glass stem is used. The heater, which is a 0.01 mm platinum 
wire, is fastened to the two outer leads, and at the center of the heater 
there is fastened the junction of the thermocouple, consisting of 0.01-mm 
iron (or copper) and Constantan wires. These are connected to the two 

Z. tech. Phyaik, 21, 199 (1940). 

111 Z. InatrumerUenk.f 60 , 53 (1940). 

112 Z. tech. Phy&ik, 22, 25 (1941). 
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inner leads of the stem. The range of operation is given as 10 to 0.1 mm. 

The construction of a thermocouple gauge developed in this laboratory 
by N. T. Gordon is illustrated in Fig. 37a. It consists of a platinum- 
iridium ribbon 3.66 cm by 0.0234 by 0.0078 cm, to the center of which is 
welded a thermocouple of Nichrome-advance ribbon (0.01 cm by 
0.00125 cm), all mounted on a four-lead stem in a tubular bulb similar 
to that used for the UX-199 radiotron. Figure 376 shows the circuit 



Fig. 37. Thermocouple gauge and auxiliary circuit. 


used. A constant current of approximately 0.030 to 0.050 amp, depend- 
ing on the range of pressures to be measured, is passed through the 
platinum ribbon, and a sensitive microammeter is used to read the 
thermocouple emf. The heater filament operates at a temperature 
varying from 100® C to 200® C. 

Figure 38 shows plots of log versus microammeter readings, ob- 
tained by means of this gauge, for hydrogen, nitrogen, and xenon. In 
these observations the walls of the tube were at room temperature 
(To = 3p0), As will be observed the gauge is most sensitive, under 
these co^ll|^s, for the range 10““^ to about lO'^ mm.^^^ 

For alil^ttliBtal vacuiun systems, R. T. Webber and C. T. Lane^^^ have 
designed a thermocouple gauge which consists of Chromel and Alumel 
wires arranged on a support in the form of an X, welded at the center. 
Constant current is supplied to the lower arms of the X by a battery 
and resistance, and the temperature of the junction is measured by a 

A similar tjrpe of gauge has been described by G. C. Dunlap anii J. G. Trump, 
Bev, Sci. InstrumenUy 8, 37 (1937). 

Rev, Sci, ImtrumentSf 17, 308 (1946). 
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galvanometer in series with a high resistance, connected to the upper 
arms of the X. The calibration curves resemble those shown in Fig. 38. 

Resistance Gauges (Pirani-Hale Type). The fact that the heat 
conductivity of a gas at low pressures decreases linearly with the 



pressure was applied by E. Warburg, G. Leithauser, and E. Johansen^^® 
to the construction of a gauge in which the variation in temperature of a 
bolometer strip was determined from the change in resistance. 

M. Pirani^^® pointed out that, in order to construct a gauge based on 

Ann. Phyaik, 24, 25 (1907). 

11® VerhandL deni, phyaik. Gea.y 8 , 686 (1906). 
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the relation between the heat conducted from a wire and the pressure, 
three different schemes could be used. 

1. The voltage on the wire is maintained constant, and the change in 
current is observed as a function of the pressure. 

2. The resistance (and consequently the tempera- 
ture) of the wire is maintained constant, and the 
energy input required for this is observed as a func- 
tion of the pressure. 

3. The current is maintained constant, and the 
change in resistance is observed as a function of the 
pressure. 

The first scheme was tried using an ordinary 110- 
volt tantalum lamp. Better results, however, were 
obtained when the tantalum wire was clamped 
tightly to the anchor wires in order to keep constant 
the heat loss through the supports. With the im- 
proved instrument the two other methods were tried, 
using a Wheatstone bridge arrangement to measure 
the resistance of the wire, and the third one was finally 
recommended as the most sensitive for making pres- 
sure measurements. 

While the principle of the Pirani gauge is thus ex- 
tremely simple, the sensitivity actually obtained by 
Pirani was not very great, the lower limit of accu- „ . 

racy being around 0.1 micron. 

An improved form of this gauge, constructed by Pirani gauge. 

C. F. Hale,^^’^ is illustrated in Fig. 39. The follow- 
ing description is quoted from Haleys paper: 

A piece of pure platinum wire, 0.028 mm in diameter and 450 mm long, is mounted 
upon a glass stem carrying two radial glass supports near the top and three at the 
bottom. The wire is anchored to these radial supports by means of short pieces of 
platinum wire 0.052 mm in diameter. The anchor is fused into the radial supports 
at one end, and the other end is made fast to the manometer wire either by an arc 
weld or by a tiny glass bead. The leading-in wires at L, to which the ends of the 
manometer wire are welded, are of platinum, 0.31 mm in diameter. All of the 
platinum wire employed in making the manometer was drawn from the same lot of 
larger wire and was assumed to be of uniform purity. The temperature coefficient 
of the manometer wire was found to be 0.00376 per cent per degree. The platinum 
leading-in wires are joined to heavy copper leads (1.1-mm diameter) by welded 
joints, and these joints are fused into the stem as in electric lamps. The stem is 
sealed into a tubular bulb 3.2 cm in diameter and 11.4 cm long. This size of bulb is 
easily obtained, since it is the size regularly used for 60-watt tubular lamps, such as 

Trons. Am, Electrochem, Soc.y 20, 243 (1911). 
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are commonly employed for galvanometer illumination. At aS is a tube by which the 
manometer is connected with the system whose pressure is being studied. The 
upper end of the stem T is considerably elongated to permit the complete immersion 
of the manometer in a constant temperature bath, whose temperature was approxi- 
mately 0° C. This stem tube is made of sufficient length to leave 15 cm of it above 
the level of the bath, a provision which we found to be necessary in order to avoid the 
condensation of atmospheric moisture upon the top of the tube and the leading-in 
wires during humid weather. For electrical insulation this tube is packed with 
purified dry asbestos wool. 

A diagram of the electrical connections is shown in Fig. 40. A 
Wheatstone bridge arrangement was used for measuring the resistance 
changes; and, in order to increase the sensitivity of the gauge, an exact 

duplicate was exhausted as carefully as possi- 
ble to an extremely low pressure, sealed off, 
and inserted in one arm of the bridge as a 
compensator. Both the compensator C and 
manometer I were kept immersed in the con- 
stant-temperature bath. Ri was a Manganin 
wire resistance of 925.6 ohms, and 722, a decade 
plug box containing 10,000 ohms. The 
strength of the current, as indicated by the mil- 
liammeter A, was maintained constant at 9.25 • 
10"“^ amp by means of the battery and resist- 
ance Rs. This current was sufficient to raise 
the temperature of the wire in the manometer 
and compensator to about 125° at the lowest 
pressures. 

In calibrating the gauge against a McLeod gauge care had to be taken 
to keep mercury vapor out by means of a liquid-air trap inserted between 
the manometer and the remainder of the system. 

The indications of the manometer are dependent upon the thermal 
conductivity of the gas used. Haleys measurements showed that the 
lower limit of sensitivity for a gauge of this construction is about 10^® 
mm. 

Subsequently further measurements with a Pirani gauge were carried 
out by Misamichi So^^® and N. R. Campbell.^^® 

The construction of gauge used by Misamichi So differed in a few 
slight details from that of Hale. It was found that the sensitivity of the 
gauge is higher the lower the temperature of the surrounding bath. At 
0° C, and with a heating current of 0.03 amp for a platinum wire 0.076 


System 



Fig. 40. Electrical circuit 
for Pirani gauge. 


Proc. Phys. Math, Soc. JapaUf 3rd Ser., 1, 162 (1919), 
Proc, Phya, Soc, London, 33, 287 (1921). 
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mm in diameter, the sensitivity, as measured by {dR/dP){l/R)y was 
observed to be 1.38 • 10*”^ per 1 • mm of mercury. Furthermore, 
varying the heating current from 0.03 to 0.05 amp was found to produce 
no change in sensitivity. 

Instead of measuring the change in resistance, Campbell measures the 
potential which must be supplied to the Wheatstone bridge to keep the 
resistance (and therefore the temperature) of the wire constant. Three 
Manganin resistances are chosen so that the bridge is balanced when the 
manometric wire is at a convenient temperature, say 100® C. A volt- 
meter is connected to the terminals of the bridge, and the potential 
across the whole bridge is varied by means of a rheostat in the battery 
circuit until a balance is obtained. 

If Fo is the potential required for a balance when P = 0, and V is the 
potential at any pressure P, it is found that 

F^ - Vf? 

=fc-/(P), (4) 

y 0 

where A: is a constant for any given gauge and J{P) is a function of the 
pressure. The function is actually found to be approximately propor- 
tional to P. For pressures ranging as high as 0.15 mm, as pointed out 
by Campbell, this method of using the Pirani gauge is specially adapted 
where it is desirable to measure pressures greater than about 1 micron. 
For such pressures the method used by Hale does not give a linear rela- 
tion between change in resistance and pressure. 

Of interest in this connection is the investigation by H. Murmann^*° 
on the variation in sensitivity with variation in the radius of wire (r), 
current (/), and temperature difference (Ti — Tq). 

Let us consider the case of a metal filament at temperature Ti in a 
tube the walls of which are at temperature To- The energy, loss per 
unit area is given by the relation 

^ |1 + - To)} = - aoTo* + KPiTt - To), (5) 

Ztt T 

where po denotes the specific resistivity at To, a is the temperature 
coefficient of resistance, K denotes a constant the value of which is 
determined from equation 3, and ai, ao are radiation constants defined 
by means of equation 1. 

For constant loatt input and in good vacuum (P = 0), the value of 
Ti — To is constant (for a given filament material) for constant values 
of /®/r®. That is, in a vacuum, the temperature is a function of I/r^. 

Pfcy«J!!,8e, 14 (1933). 
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As the pressure is increased at constant value of P/r^, T\ — Tq must 
decrease. This is illustrated by the plots in Fig. 41 taken on a wire 
(90% Pt + 10% Ir), having a diameter of 5.1 • 10"“^ cm (2 mil). The 



Fig. 41. Log-log plots of temperature difference (between wire and walls of 
Pirani gauge) versus pressure, for a series of values of the heating current. 

currents are given in milliamperes and the pressures in millimeters. 
Evidently the value of the ratio 

A(ri ~ To) 

(Ti - To) ‘ AP 

varies with P. From the plots, Murmann finds that, at Pmm = 10"“^, 
the maximum value of S is obtained for / = 22.3 ma. On the other 
hand, as P is increased, the value of / for maximum value of S must be 
increased. 

These conclusions are in agreement with the observations made by 
F. Knauer and 0. Stern^^^ in using a hot-wire manometer to determine 
the intensity of a molecular beam of a light gas. 

An investigation on the design of a sensitive form of Pirani gauge was 
carried out by L. F. Stanley.^^^ identical tubes were placed, as in 

Z. Phynk, 63 , 766 (1929). 

122 Proc, Phya. Soc., London, 41 , 194 (1923-1929). 
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Hale’s arrangement, in the opposite arms of a Callendar-GrifRth’s 
bridge. The heated element in each tube was a loop of 0.001-in. plati- 
num wire 10 cm in length, together with a compensating loop of the same 
wire, 2 cm in length. Constant current was supplied to the filaments. 
In using the gauge “the short loop of the manometer was placed in the 
arm of the bridge containing the longer loop of the compensator, and 
vice versa.” 

It was observed that, with the walls at constant temperature, the 
sensitivity (measured as dR/dP, where R is the resistance, in bridge 
units) was greater for a filament temperature of 100° C than for a tem- 
perature of 30° C. Increasing the temperature beyond 100° C seemed 
to have little effect on the sensitivity. Variation of the temperature of 
the glass walls from 100° C to about — 180° C showed that, the lower 
the temperature, the greater the sensitivity of the arrangement to 
variations of pressure. Pressures in the range 2 • 10^® mm to 4 • 10“® 
mm could be measured very satisfactorily. 

In this laboratory H. C. Thompson and E. F. Hennelly developed a 
simple form of direct-reading gauge which has proved very convenient 
in practice. The measuring tube and compensator each consists of a 
glass tube 1 in. in diameter and approximately 3 in. long in which four, 
or more, standard 25-watt, 115-volt tungsten-filament coils are welded 
to supports, the total resistance being about 15 ohms at room tempera- 
ture. The resistances Ri and R 2 (see Fig. 40) are about 14 ohms each, 
and the resistance R 3 about 2 ohms, which can be adjusted to obtain 
zero current in the ammeter A. A dry-cell battery supplies the constant 
source of potential. 

Figure 42 shows plots of the current (in milliamperes) versus P^ 
for a typical outfit. In order to prevent confusion three scales for 
pressure havo been used. These scales are displaced along the axis of 
abscissas, so that the origin in each case is at P„ = 0. Curves A, B, B', 
and C refer, to dry air at three different battery voltages; curves D and E 
refer to hydrogen and argon, respectively. It will be observed that, for 
pressures below about 40 microns, the plots are linear and practically 
independent of battery voltage. 

By use of a sensitive milliammeter and care in construction of the tube 
and compensator, pressures as low as IGT* micron may be measured by 
this arrangement. Ordinarily, however, where it is desired to use a 
relatively cheap type of indicating instrument, the lower limit of sen- 
sitivity is between 10“* and KT* micron. 

It should be added that Pirani gauges consisting of two tubes (one as 
compensator) and of a case containing the. requisite electrical circuits are 
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available from a number of manufacturers, and they have found wide 
application in vacuum technique. 



Microns 

Fig. 42. Calibration plots for Pirani gauge. 


The problem of designing a very sensitive gauge for measuring the 
intensity of a molecular beam of gas has been considered by A. Ellett 
and R. M. ZabeL^^^ 

128 P%«. Rev., 37, 1102, 1112 (1931). 
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If in equation 5 above we assume cri == <ro, and that the energy loss by 
conduction is negligible compared to that by radiation, then, at constant 
watt input. 


# 


dT C(T - To) 
dP 


( 6 ) 


where C is a constant. The expression on the right-hand side of this 
equation has a maximum value for T = and substituting this 
value in the last equation we obtain the relation 



where C' is another constant. 

Hence the value of the maximum temperature change for a given 
change in pressure varies inversely as the square of the absolute tem- 
perature of the walls of the tube in which the heater is sealed. Since 
the resistance, R, varies linearly with T, it also follows that 


dR C"{T - To) 
RodP ~ T^ 


where is a constant, and hence the change in resistance with pres- 
sure has the same maximum as dT/dP, 

From these relations the following conclusions are drawn by the 
investigators: 

1. In a bridge circuit, of which the hot wire constitutes one arm, 
which is operated at constant watt input, the galvanometer deflection 
should be proportional to the pressure. 

2. The sensitivity of the gauge is proportional to the square root of 
the area of the wire. 

3. For maximum sensitivity the wire should be as long as convenient, 
and the diameter should be adjusted so that its resistance is of the same 
order of magnitude as that of the galvanometer. 

The construction of a gauge which is described as sensitive to pres- 
sures of less than 10"”® micron is shown in Fig. 43. The wire used had a 
diameter of 0.001 in. The writers state, 


The sensitivity attained by the use of nickel wire is in all cases greater than that for 
tungsten. Nickel wire has the €ulditional advantage that it may be flattened more 
easily than tungsten which greatly increases the i»nsitivity. . . . Immersing the walls 
of the gauge in liquid oxygen approximately miiltiplied the sensitivity of the gauge 
by 2 when the galvanometer resistance is high and by 7 when the galvanometer 
resistance is k>w. 
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The authors conclude that a compensating gauge is not as satisfactory 
as one gauge immersed in a constant-temperature bath. 

For reading pressures as low as 2 • 10“"^ micron, A. L. Reimann^^^ 
has used a manometer constructed as follows;^ To a four-lead stem in a 
. . tubular bulb were attached 


two independent stabilized tungsten spiral fila- 
ments, each of 0.047 mm diameter wire,] of 28 
cm length, wound into a spiral 0.9 mm in diam- 
eter and 6 cm in length. Each filament was 
flashed in a vacuum at 20 volts for 10 minutes 
prior to use. This tube was clamped to a similar 
evacuated and sealed-off tube and both were im- 
mersed in a water-bath at room temperature. 
The filaments in each bulb were connected up to 
form opposite arms of a Wheatstone bridge, 
across whose ends a P. D. of 2 volts was main- 
tained. The bridge was balanced with a good 
vacuum in the manometer by adjusting a very 
small variable resistance inserted in one arm, 
and the ^^out-of-balance’^ current in a microam- 
meter was then taken as a measure of the pres- 
sure. By inserting a resistance in series with 
the microammeter the manometer could be made 
less sensitive. 

This gauge was used by Reimann to 
investigate rates and extent of clean-up of hydrogen by magnesium.^^® 
A similar arrangement of two manometers has been described by 
W. Hunsmann.^^® Each manometer consists of a cylindrical bulb hav- 
ing a 0.2-mm nickel wire along the axis. In order to obtain reproducible 
results, even at higher pressures, the filament is attached at one end to 
the lead-in wire by a steel spring which is short-circuited by means of 
a copper wire. 

Instead of using two tubes in the two arms of a Wheatstone bridge, 
E. J. Scott^^^ has suggested measuring 



To liquid -air trap, 
leak and pumps 


Liquid oxygen 
or melting ice 

Copper leads 


Tungsten or 
nickel wire 

Small copper hook 
soldered for constant 
thermal contact 
Quartz 


Fig. 43. Construction of ultra- 
sensitive Pirani gauge (EUett 
and Zabel). 


the resistance of the wire by feeding the voltage drop across it onto the grid of a 
triode tube. This allows the pressure to be read directly on the calibrated scale of a 
galvanometer contained in the plate circuit. Although the scale reading is a simple 
function of the pressure, the relation is by no means linear over the entire range. 

124 PhU, Mag., 16, 673 (1933). 

12® See Chapter 10, section 2. 

i2«Z. Elektrochem., 44 , 640 (1938). 

12^ Rev. Sd. Inatrumenta, 10, 349 (1939). 
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Figure 44 shows the electrical circuit. The hot wire constitutes the 
resistance R\j 

which consists of the filaments of three 6-watt lamps connected in series to give about 
700 ohms. The resistance R 2 is made up of a 20,000-ohm fixed resistor and a 2000- 
ohm variable resistor. The two resistances, Ri and R^y constitute a simple poten- 
tiometer, or bleeder. The resistance Rz is a load resistance of 10,000 ohms. This 
serves to give the triode a more nearly linear characteristic for values of the grid 
voltage near cut-off. . . . The voltage E% -{- Ez across the resistances Rz -f is the 
plate voltage of the tube. The voltage E\ across the Pirani resistance is the grid 
voltage of the tube. 


^3 


Rz 



Fig. 44. Electrical circuit for 
automatic gauge (Scott). 



Fig. 45. Calibration curve for Pirani 
gauge circuit shown in Fig. 44. 



The resistance R 2 is adjusted to give a certain plate current for a known 
pressure, and as the pressure changes both Ex and E 2 will vary in oppo- 
site directions while Ex + E 2 remains constant. With decrease in 
pressure, iZi and, consequently, Ex increases, which makes the grid more 
negative and decreases the plate current. The author states that the 
arrangement ‘‘affords a simple, rapid, and reliable means of measuring 
pressures between 10“’® and 1 micron.'' Figure 46 shows the calibration 
curve obtained, presumably, with air. 

The observation that certain mni-corvductpTB possess a high (negative) 
temperature coeifieient of resistsmce has been applied by Et Weise^®® to 

Fhi^ 18, 487 (1237); 24, 66 (1943), 
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the construction of a Pirani gauge. In the earlier form the resistance 


consisted of a small thin-walled 



Fig. 46. Pirani gauge involving use 
of a semi-conductor as heated element. 


tube of magnesium-titanium spinel. 
A tube 1 mm in diameter, 30 mm 
long, and with a wall thickness of 
0.1 mm, has a resistance of 15,000 

ohms. In the more recent form this 

\ 

resistance is in the form of a thin 
film, 20 microns thick and 10 cm^ in 
area. The thin film is attached to 
two supporting spirals of tungsten 
wire^^® as shown in Fig. 46. 

For high accuracy a bridge cir- 
cuit is used, and water at constant 
temperature (city water) is circu- 
lated through the outer jacket. For 
ordinary tests, the resistor is con- 
nected to another series resistor, and 
the current indicated at constant 
voltage across the high resistance is a 
function of the pressure. The values 
chosen for the constant voltage and 
series resistor depend upon the de- 
sired pressure range. Figure 47 
shows calibration curves for air and 
hydrogen for a resistor under con- 



Fiq. 47. Calibration curves for air and hydrogen with gauge shown in Fig. 46. 

ditions in which the pressure was varied from 1 mm to 10“"® mm. The 
author states that, by varying the voltage and series resistor, it is possible 

No description is given in the original paper of the method used for producing 
such thin films of the semi-conducting material. 
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to vary the range of sensitivity from atmospheric pressure down to 10 ® 
mm. 

In the original paper there is also described a relay circuit for using 
the gauge for maintaining constant, low gas pressure in a system. 

A semi-conductor, having a high negative temperature coefficient of 
resistance, has also been utilized by J. A. Becker, C. B. Green, and 
G. L. Pearson in the development of the thermistor manometer The 
thermistor element consists of a small bead of a semi-conducting material 
which is fastened to two leads and sealed into a small bulb. Two ele- 
ments are used, with characteristics matched so that they can be 
operated in adjacent arms of a Wheatstone bridge, as shown in Fig. 48. 
One element (V-550A) is sealed off in good vacuum and gettered. This 
serves as a temperature compensator for the other element (V-550B), 
which is connected to the system in which the pressure is to be deter- 
mined. Typical characteristics of an element at 26® C and 10'“^ micron 
are as follows: 

Resistance at zero power approximately 50,000 ohms 

Voltage at 0.5 ma approximately 2 volts 

Voltage at 3.0 ma approximately 1 volt 

The suggested circuit constants are as follows: 

Current, each thermistor in 

high vacuum approximately 3 ma 

Voltage across bridge (ac or dc) approximately 9 volts 

Bridge ratio arms approximately 2,000 ohms 

Bridge balance potentiometer approximately 1,000 ohms 

Meter resistance approximately 10,000 ohms 

The bridge is balanced under conditions of good vacuum in the 
manometer, and the off-balance current then becomes a measure of the 
pressure. The exact calibration varies with the nature of the gas, and 
Fig. 48 shows two such calibration curves, plotted on log-log scales, 
obtained on a thermistor manometer by A. H. Young in this laboratory, 
by means of a McLeod gauge. The ordinates correspond to milliamperes 
through a 10,000-ohm resistance. 

The fact that these plots are practically linear over the range of pres- 
sures from 1 to about 1000 microns gives this type of gauge an advantage 

i*®The writer wishes to acknowledge his appreciation of the kindness of Dr. 
Becker in sending him the description and samples of thermistors in advance of 
publication. A paper on the properties and applications of thermistors was presented 
at the A.I.E.E. meeting, June 24-28, 1946. See Trant. A.I.E.B., 66, 711 (1946), 
also BeU Sy*. Tech. J., 86, 170 (1947). 
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over the thermocouple type of gauge and should make it extremely 
useful in vacuum technique. 



Fig. 48. Diagram of circuit and calibration plots for hydrogen and nitrogen with 

thermistor gauge. 


Gauges Which Involve Linear Expansion of Metal Wire or Strip. 

Since the linear expansion of a heated wire is a function of the tempera- 
ture it is evident that such observations may also be applied to measure 
the pressure of a gas in which the wire is located. 

A manometer based on this principle has been described by H. Mur- 
mann.^^^ Two very thin platinum-iridium wires are each fastened at 
both ends to a framework and connected in the center to a spiral which 
can be used to indicate the expansion of the wires when heated. The 
lower limit of sensitivity is apparently about 10“^ mm. 

Z. tecA. Phy9ik, 14, 538 (1933). 
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Much more practical are gauges in which bimetallic strips are used. 
H. Klumb and Th. Haase^^^ have described three different forms of 
such a gauge. 

Let ai denote the thickness and Ex the modulus of elasticity of one of 
the metals, and a 2 and E 2 denote the corresponding values for the second 
metal. Then, according to W. A. Michelson,^^^ 



Furthermore, if I denotes the total length, and d the total thickness, 
of the strip, then the deflection, for a temperature rise oi t — to 
degrees C is given by the relation 

y = I(r*k • - to), (10) 

where A denotes the ^^specific^Meflection for i == 100 mm, and d = 1mm. 
The value of k is proportional to the difference in coefficients of linear 
expansion and varies from 0.1 to 0.14 mm for industrially available 
bimetallic strips. 

Figure 49 shows the construction of a gauge in which the deflection 
is observed by means of a microscope. The sketch at the right shows 
further details. , The bimetallic strip has the dimensions 1 mm by 
0.1 mm by 35 mm. To this is fastened a glass fiber about 70 mm long 
which carries a weight of about 100 mg. At 0.1 volt, the heating current 
in the strip is about 250 milliamp. 

Figure 50 shows calibration curves for three gases in the range 10 to 
10”® mm. With the microscope used, 1-mm deflection was equal to 30 
scale divisions. 

In another design of the gauge the band is in the form of a spiral 
having 14 turns and 6-mm outside diameter. To the lower end of this 
spiral is attached a galvanometer mirror, and the deflections are observed 
optically. The zero position of the mirror is adjusted by means of the 
torsion head, at the top of the greased joint, and the heating current is 
applied at the upper and lower terminals. 

The plot of angular deflection of the mirror as a function of pressure 
exhibits a curve quite similar in its characteristics to that shown in the 
previous figure. 

In the third form, compensation is provided for variations in external 
temperature by means of a second heated spiral made of bimetallic strip. 

PhyBik. Z., 87, 27 (1930). 

^^^Phy8ik.Z.,9, 18 (1908). 
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W. Seeman*®^ has pointed out that a similar design of low-pressure 
gauge utilizing a compensation spiral has been developed by Brown, 
Boveri and Company, Switzerland. 



Fig. 49. Bimetallic strip manom- Fig. 50. Calibration curves for manometer 
eter with microscope scale for read- shown in Fig. 49, for three gases, with cool- 
ing deflection (Klumb and Haase). ing liquid at 0° C. 


7. IONIZATION GAUGES 

Design. The kinetic energy acquired by an electron in passing 
through a potential difference of V volts corresponds to Ve, where e is 
the charge of the electron. When this energy exceeds a certain critical 
value, corresponding to the voltage there is a definite probability, 
which varies with V and with the nature of the gas, that collisions 
between electrons and molecules will result in the formation of positive 
ions. The relatively high-velocity electron, on colliding with a gas 
molecule, drives an electron out of the molecule, leaving it positively 
charged. The values of F,- for different monatomic vapors and gases 
vary from 3.88 volts for cesium to 24.58 volts for helium, which has the 
highest ionizing potential. For oxygen, nitrogen, hydrogen, and other 
diatomic gases, the values of Ff range around 15 volts. 

«« Phytik. Z., 87, 446 (1936). 
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For a constant value of the accelerating voltage, in excess of V,-, the 
number of positive ions formed per electron should vary linearly with 
the pressure, at least at low pressures, since any one electron could not 
possibly make more than one collision in passing from the cathode to 
the anode. Consequently a determination of the rate of production 
of positive ions for a given electron current should yield a measure of 
the pressure. This leads to the following definition for the sensitivity^ 
Sj of a gauge of this type: 

Let ip and ie denote the positive ion and electron currents respec- 
tively (both expressed in the same units), at a given pressure P. Then 


or 



( 1 ) 


Thus S = m • 10“^ per micron signifies that the sensitivity is m 
microamperes per milliampere per micron. 

It will be observed that 


S per microbar = 0.76/S per micron. 

In 1916, 0. E. Buckley^^® published the following description of the 
construction of an ionization gauge: 

The manometer consists of three electrodes sealed in a glass bulb which serve as 
cathode, anode, and collector of' positive ions. The cathode may be any source of 
pure electron discharge such as a Wehnelt cathode or a heated tungsten or other 
metallic filament. The exact forms of the electrodes are not of great importance. 
The collector is preferably situated between the other two electrodes and is of such 
form as not to entirely block the electron current to the anode. A milliammeter is 
used to measure the current to the anode and a sensitive galvanometer to measure 
the current from the collector which is maintained negative with respect to the 
cathode so as to pick up only the positive ions. 

Currents [he continues] from 0.2 to 2.0 milliamperes were used with from 100 to 
260 volts between cathode and anode. The collector was held at 10 volts negative 
with respect to the cathode. The resulting current to the collector at a pressure of 
10”* mm was about one-thousandth the current to the anode and at lower pressures 
was proportionately less. 

It should be observed that, for low-velocity electrons such as are obtained in the 
ionization gauge, the mean free path for electrons is 4 \/2 times the mean free path 
for the molecules, while for ions the mean free path is Vi times that for the molecules. 
See J. D. Cobine, Oaaeous Condudorst McGraw-Hill Book Company, 1941. 

Proc. NaU, Acad, Sd, U,S., 2, 683 (1916). 
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Evidently, the lower limit of pressure that can be measured with such 
a gauge depends upon the sensitivity of the indicating instrument in the 
collector circuit, and this may be considered the most important feature 
of the ionization gauge from the point of view of laboratory vacuum 
technique. Certain disadvantageous features about the use of the gauge 
will be discussed in a subsequent section. 

Any standard construction of three-electrode device, such as used in 
commercial radio tubes, may be utilized as an ionization gauge. Two 



(a) (i,) 

Fig. 61. Electrical circuits for ionization gauge, (a) Internal-control 
type, (b) External-control type. 


different types of circuits have been suggested: (a) the ^‘internal con- 
trol” type, in which the middle electrode (grid of a triode) functions as 
positive-ion collector; and (5) the ^^external control” type, in which the 
outer electrode (plate of a triode) functions as positive-ion collector. 
These are illustrated in Figs. 51(a) and (6), respectively. 

The meters m and M indicate the positive-ion and electron currents, 
respectively. 

The potentials used may be varied from about 100 to 300 volts on the 
anode and from —2 to —25 volts on the ion collector. Also, instead of 
using an A battery to supply current to the filament and connecting the 
zero potential lead of the B battery to the midpoint of a high resistance 
across the filament, it is more customary to use an a-c step-down trans- 
former and then connect the zero potential lead to the secondary wind- 
ing, as shown in Fig. 52. 

It is also customary to use the gauge with the external-control type of 
circuit since it is more sensitive under these conditions. 

A design of gauge used by S. Dushman and C. G. Found^^^ in their 


Pht/s. Rev., 17, 7 (1921). 
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investigation is shown in Fig. 53. The cathode and anode were made of 
two tungsten filaments, each wound in the form of a double spiral and 
mounted coaxially on a four-lead stem sealed into the upper end of a 
glass tube about 4 cm in diameter and 12 cm long. The inner spiral 
(the cathode) was made of 5 turns of 0.125-mm wire wound on a 0.125- 
mm mandrel. The outer spiral was made of 3 turns of 0.126-mm wire 



Fig. 52. Electrical circuit for ionization gauge involving use of filament transformer. 

C denotes the positive-ion collector, G the electron collector, and F the filament. 

wound on a 3.65-mm mandrel. The positive-ion collector surrounding 
the spirals was a molybdenum cylinder about 12 mm in diameter and 
12 mm long, supported on a two-lead stem sealed in at the lower end of 
the tube. As will be observed from the figure, the external-control 
type of circuit was used, since this provides a longer electrical leakage 
path between the ion collector and the other electrodes. 

The best conditions for operation of the gauge were found to be as 
follows: 

(a) For very low pressures (below about 1 micron) : Vg (voltage on 
electron collector) = 250, Vc (voltage on positive-ion collector) = —20, 
and ie = 20 milliamperes. Under these conditions S = 5 • lOr® per 
micron for argon, which corresponds to 5 microamperes per milliampere 
per micron. 

(b) For higher pressures (1 to iO microns): Vg « 125, Vc *= —20, 
ie « 0.5 milliamperes. In this case, 5 « 4.6 • 10“”^ per micron for 
argon. 

Before using the gauge for any measurements it is absolutely neces- 
sary to bake out the tube to as high a temperature as practicable (450^ C 
for Pyrex or Nonex), and to elifiainate all occluded gases from the eleo 
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trodes and leads. For the filaments this is accomplished by direct 
passage of current, and for the collector, high-frequency heating is most 
convenient. To clean the leads supporting the spirals, one spiral is 
used as hot cathode to bombard the other. 

Where a grid instead of the outer spiral is the anode, electron bom- 
bardment should be used. During the series of measurements of pres- 



Fig. 63. Construction of ionization gauge and electrical circuits 
(Dushman and Found). 

sure it is advisable to maintain the filament at a temperature approxi- 
mately that required for the desired emission, and the anode voltage 
should be applied only for the relatively short interval required to adjust 
the cathode current for the emission at which it is desired to measure the 
ion current. This is necessary wherever there is likely to be voltage 
clean-up of the gas. (See discussion in Chapter 10.) 

Since the ionization gauge indicates the total pressure (^'condensible'^ 
and "non-condensible” gases), extra care should be taken to eliminate 
completely, by means of a liquid-air trap, mercury, water-vapor, etc., 
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from the gauge. The positive-ion current, at constant pressure, is a 
function of the nature of the gas used, of Vg, and of the electron current, 
and it also depends upon whether an external or internal type of control 
circuit is used. It is therefore of interest to discuss briefly some of the 
observations made by Found and Dushman on the characteristics of the 
gauge shown in Fig. 53. 



Fig. 54. Positive-ion current versus anode voltage at constant electron current 
and constant pressure, for gauge shown in Fig. 53. Internal-control type of circuit. 

With the external-control connection, it was observed that, other 
conditions remaining constant, a variation in Vc from 0 to —22 volts 
resulted in only a small change in the ion current (about 10 per cent). 
However, it appeared advisable to use the higher negative voltage in 
order to prevent electrons from reaching the collector. 

Figure 57 shows the relation between ip (positive-ion current in 
microamperes) and Vg for a constant pressure of 1.85 microbars of argon 
and ie = 0.5 milliampere. 

The effect of varying ie at the same pressure and at the value Vg = 250 
is shown in Fig. 55. It will be observed that there was a slight deviation 
from proportionality at the higher values of ie. 

Using the internal-control connection at the same pressure and same 
value of Vg, the plot shown in Fig. 66 was obtained* The variation in 
ip with Vg, at this pressure and = 1.0 milliampere, is shown in 
Fig. 64. 

As will be observed, S is greater for the external- than for the internal- 
control type of circuit. (This statement is valid for practically all the 
different types of construction of ionization gauge.) At 1.85 mi(»robars 
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Fig. 55. Positive-ion current versus electron current at constant pressure and 
constant anode voltage, for gauge shown in Fig. 53. External-control type of circuit. 



Fig. 66. Positive-ion current versus electron current at con^nt pressure and 
Constant anode voltage, for gauge shown in Fig. 53. Internal-control type of circuit. 
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(1.39 microns) argon, S = 6.85 • per micron for the former, and is 
about one-third of this value for the latter. On the other hand, the 
proportionality between ip and ie is observed to be valid for higher 
pressures with the internal control than with the external control. 
Furthermore, at constant pressure, ip/ie is practically constant over the 
range 125-250 volts on the anode for the internal control while it is 
sensitive to variations in Vg when the external control is used. 



Fig. 57. Positive-ion current versus anode volts at constant pressure and constant 

electron current, for gauge shown in Fig. 53. External-control type of circuit. 

In order to obtain a calibration of the ionization gauge at pressures 
too low to measure with a McLeod gauge, a method was used based on 
Knudsen^s laws of flow. Between a large bulb (il) connected to 
a McLeod gauge and the ionization gauge which was connected to 
another large bulb, B, there was inserted a ‘ ^resistances ^ made of a long 
length of capillary tubing, the conductance of which, F, could be cal- 
culated by means of KnudsenSs equations. Let C denote the total 
volume of bulb B and the gauge. Then the pressure, P, in the gauge at 
any instant is determined by the relation 

where Pa — pressure, in bulb A. Since, under the conditions chosen, P 
was negligible compared to Pa, the rate of flow could be assumed to be 
practically constant, and therefore the rate of increase in ip (at constant 
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value of it) as measured by the ionization gauge should be constant and 
proportional to the rate of increase in pressure calculated from the above 
relation. The observations confirmed this expected proportionality and 
showed that, for it = 20 milliamperes and Vg “ 250, S = 5.07 • 10“* 
per micron of argon, down to the lowest pressure. (The variation in S 
with the nature of the gas is discussed in a subsequent.section.) 

The constancy of S over the range 10~^ to 10“® mm was also con- 
firmed by Misamichi So.'^® 

In experiments with vacuum tubes it was discovered by H. Bark- 
hausen and K. Kurz^®^ that high-frequency oscillations could be main- 
tained in a circuit of the Lecher wire type connected to the grid and 
plate. The mechanism of generation of these oscillations was inves- 
tigated by E. W. B. Gill and J. H. Morrell. These oscillations occur 
even in the absence of the Lecher wires and cause reversals of the posi- 
tive-ion current that normally flows to the collector. The writer has 
observed that in a very good vacuum (below about 10“® mm) the 
microammeter may suddenly indicate that, in spite of its negative po- 
tential, the collector is actually receiving electrons. 

Apparently the occurrence of this phenomenon depends upon the 
geometrical design of the ionization gauge, and E. K. Jaycox and H. W. 
Weinhart^^^ have described a construction which is free of this highly 
undesirable feature. Figure 58 shows working drawings of this gauge. 
The filament, or cathode, which may be either 0.004 in. thoriated-tung- 
sten, or heavy oxide-coated, is mounted in the shape of a W with three 
connections, one at each end and one in the center. This is located in 
the central plane of a nickel wire grid, and the collector is in the form of 
two parallel nickel plates, connected electrically and located ^^one on 
either side of the filament-grid structure.” For Vg = 120, Fc = —6, 
and it = 20 milliamperes, a calibration on the pump, against a McLeod 
gauge, yielded the approximate value S = 12.5 • 10~® per micron. At 
a pressure of 1 • lO”’® mm, ip was found to vary linearly with variation 
in the value of U from 0 to 40 milliamperes, yielding the result S = 
10 • 10“”® per micron. The value of ip for a given value of P was ob- 
served to vary approximately linearly with anode potential for values 
of V above about 120, as shown in Fig. 59, so that, for 240 volts, the value 
of S obtained was about 37,6 * lO”*® per micron. Hence, with a gal- 
vanometer reading as low as 1 • 10““^ ampere, pressures of the order of 
10“^ micron could be measured readily. Presumably the residual gas 

*** Proc. Phys. Math. Soc, Japan, I, 76 (1919). 

Physik. Z., 21, 1 (1920). 

1*0 PhU. Mag., 44 , 161 (1922). 

Beu. Sd. Imtrumenls, 2, 401 (1931). 
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between 2000° and 2500° K, and the metallic deposit is degassed at the 
same time by the radiation from the helical electrode. The total volume 
of the gauge is 3 cm^, and its sensitivity is 9.5 • 10~^ per micron of argon 
at all electron current values up to 20 milliamperes. 

The construction of a gauge for atomic beam measurements has 
also been described by R. D. Huntoon and A. Ellett.\^^ All electrodes 
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Fig. 59. Plot of positive-ion current versus anode volts at constant pressure and 
constant electron current for gauge shown in Fig. 68. 

had two leads sealed in, which permitted ready outgassing. It was 
observed that instability could be avoided by making the collector 
negative by 2 volts and the grid potential not greater than 70 volts. 
The emission was limited to about 2 milliamperes. With this design, 
the possibilities of producing Barkhausen oscillations were greatly 
reduced. According to the authors, with an amplifier and galvanometer 
in the collector circuit, beam pressure changes of the order of lO""® 
micron could be detected. 

A construction which was devised by R. S. Morse and R. M. Bowie'^^ 
PhyB. Rev., 49, 381 (1936). 

Rev^ Sci. Instruments, 11, 91 (1940). This gauge is made by Distillation 
Products, Inc., Rochester, N. Y., and is designated Type VG-1. 
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and which is widely used by workers in vacuum technique is illustrated 
in Fig. 60. Here, also, the electron collector is a filament, and the 
positive-ion collector consists of a platinum film deposited on a portion 
of the inner wall. ‘‘Electrical contact/^ as the authors state, “is made 
to this extremely thin, slightly translucent film by means of a fine wire 
entirely embedded in the glass. The external plate contact is in the 
form of a metallized ring about the center of the bulb.^’ This con- 
struction thus introduced an extremely long leakage path between the 



Fig. 60. Ionization gauge Fig. 61. Plot of positive-ion current versus 
(Morse and Bowie). anode volts at constant pressure and constant 

electron current, for gauge shown in Fig. 60. 


inner electrodes and the positive-ion collector. Conditions for operation 
are as follows: 

Vff = 150, Vc = —25, = 5 • 10"“^ ampere, and the filament current 

(approximately 2.75 amperes at 3.50 volts) is adjusted to yield the 
desired emission. 

The variation in ip with for constant values of ie and P, is shown in 
Fig. 61. According to Morse and Bowie, they observed the value 
(S * 40 • 10^ per micron for nitrogen. (See, however. Table 5.) 

As has beep mentioned previously any standard type of triode radio- 
tron may be used as a gauge, and in the literature there are a consider- 
able number of references to the application of other constructions oi 
gauges than those described above. 
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Thus, L. N. Ridenour^^® has reported very satisfactory results with a 
Western Electric D79510 gauge tube. This has a ^^combined^’ oxide- 
coated filament, and it is stated that ‘‘this tube appears to stand opera- 
tion in a poor vacuum better than filaments 
of other types tried.” 

Indeed, many users of \onization gauges 
prefer oxide-coated cathodes just because of 
the fact that a sudden inrush of air, as the 
result of a leak, is not as likely to burn out 
this type of filament as one of tungsten, or, at 
least, it is possible to switch off the current 
supply before any permanent damage has 
been done to the cathode. 

An oxide-coated cathode is also used in 
the gauge developed by C. M. Fogel,^^® 
shown in Fig., 62. The plates A and D are 
of nickel, plate A serving as electron collector 
and D as ion collector. The oxide-coated 
filament R, supported by the hook E, is 
placed midway between the plates. A nickel 
shield, C, is placed between B and Z) at a 
short distance above the surface of the press, 
in order to reduce leakage between cathode 
and ion collector. The degassing of the 
plates is carried out by electron bombard- 
ment. The potentials used are Fj? = 0, 
Va = 200, and Fb = —13 volts, and the 
electron current is set at 20 milliamperes. 
Under these conditions, the sensitivity of the 
gauge is stated to be 100 microamperes per 
micron, presumably for air. While the sensi- 
tivity does not vary linearly with Va, it does 
increase about 1 1 per cent with increase from 
200 to 250 volts, and it decreases about the 
same percentage in passing from 200 to 150 
' volts. 

One of the greatest disadvantages of the hot-cathode type of ion gauge 
is that the cathode is likely to be poisoned or even destroyed by chem- 
ically active gases such as oxygen and hydrocarbon vapors. In many 



Fia. 62. 


Ionization gauge 
(Fogel). 


Rev, Sd, Instruments, 12, 134 (1941). 
Proc, Inst. Radio Engnrs., 34, 302 (1946). 
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vacuum-technique operations it is necessary to introduce air from time 
to time in order to seal on a fresh tube. Then the ion gauge has to be 
re-exhausted, and the gases adsorbed by the electrodes in the presence 
of air have to be eliminated. It is often necessary under these condi- 
tions to reactivate the cathode, and this may prove especially difficult 
for an oxide-coated cathode. 



r *’’ * ' I ' » * * i 
0 5 10 

Centimeters 



In order to overcome these difficulties the Philips ionization manometer 
developed by F. M. Penning^^^ has received considerable acceptance by 
workers in the field of high-vacuum technique. 

In this gauge, the electrons emitted from a cold cathode of zirconium, 
thorium, or other type of active surface are deflected by means of a 
magnetic field so that the total length of path covered in reaching the 
anode is many hundreds of times the direct distance between the two 
electrodes. As a result the ionization produced per electron at any given 
pressure is considerably greater than would be obtained in the absence 
of a magnetic field. The magnitude of the total discharge current, 
which is the sum of the positive-ion current to the cathode and the 
electron current from the same electrode, is used as a measure of the 
pressure of gas present. 

Figure 63 shows the construction of the gauge. The manometer 
tube, ilf , contains a ring-shaped cathode R located between the anode 
plates P. The magnetic field (about 370 oersteds) is applied by means 
of the permanent magnet H, A microammeter (to measure the current) 
and 1 megohm resistance are connected in series with the manometer 
across a d^-c source of about 2000 volts. 


Phyvica, 4 , 71 (1937); JY, p. 48. 
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For approximate measurement of the pressure, the microammeter 
may be replaced by a glow tube provided with a cathode having the 
form of a metal rod (Philips tube 4662). The length ( 1 ) of the glow 
along this rod is proportional to the current. 


Current in microamperes 

10 20 40 60 100 200 400 600 1000 



Fig. 64. Typical calibration curves of gauge shown in Fig. 63. Either the glow 
length or the discharge current may be used as a measure of the pressure. 

‘ Figure 64, taken from Penning^s paper, gives a calibration curve for 
the manometer, which is applicable to hydrogen, carbon monoxide, 
argon, and air. As shown, the gauge is sensitive to pressures as low as 
about lO"”* micron. 

An all-metal construction of the Philips gauge has been designed by 
the Distillation Products; it is provided with a control cabinet contain- 
ing a half-wave rectifier with a filter circuit for supplying the high- 
voltage direct current. A high and low selector switch makes it possible 
to read either low or higher pressures.^^® 

A circuit diagram and calibration curve for a Philips gauge are also shown in 
the paper by H. A. Thomas, T. W. Williams, and J. A. EKpple, Rev, Sci. Instruments, 
17, 868 (1946). 
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A novel type of cold-cathode gauge was developed by J. R. Downing 
and G. Mellen^^® in the laboratories of the National Research Cor- 



o 


Source 

U) 

Fiq. 65. Diagram of ionization chamber of Alphatron gauge. 


poration, Cambridge, Mass., and designated the “Alphatron,” to indi- 
cate that the ionization is produced by alpha particles. Figure 66 shows 
a sketch of the ionization chamber and electrical circuit. A d-c poten- 

Sea, Sd. InitnmmU, 17, 218 (1946), also Eleclromea, April, 1946, p. 142. 
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tial of 30 to 40 volts is applied between the two grids (B) and (C), and 
the very small ionization current, produced by the alpha particles from 
the radium source Ay is greatly amplified so that it can be read on a 
standard type of microammeter. The d-c voltage as well as the power 
for operating the amplifier set is obtained from the regular a-c, 60-cycle, 
110-volt supply. 



Scale III 0 10 20 30 40 50 60 70 80 90 100 Microns Hg 

(0.001 mm > 

Fig. 66. Calibration plots for Alphatron gauge. 

In the operating instructions for the gauge, it is stated that 

the radium source is so constructed that a small quantity (0.2 milligram) of radium 
in equilibrium with its disintegration products, radon, radium A, radium B, and so 
forth, radiates alpha particles at a constant rate. . . . Since radon, the first disintegra- 
tion product of radium, is a gas, the walls must be sealed to prevent the loss of radon 
gas so that the succeeding products may be held in the source and their alpha activity 
utilized. 

Calibration plots are shown in Fig. 66 for a number of gases over three 
ranges of pressure. For air at 100 microns, the actual ionization current 
is approximately 2 • 10““^^ ampere and varies linearly with pressure up 
to about 25 mm of mercury. Comparing the values of relative ioniza- 
tion for the gases, air (nitrogen), neon, helium, and hydrogen, with 
those given subsequently in Table 5, for the calibration of the hot- 
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cathode gauge, it is evident that the two sets of data are quite different. 
This result is, of course, to be expected since the ionizing sources are so 
radically different. 

One obvious advantage of this gauge is that there is no filament to 
burn out and no possibility of chemical reaction between the gas and the 
cathode. On the other hand, there are certain precautions (discussed 
very fully in the operating instructions) which have to be carefully 
attended to in using the gauge, in order to avoid any possible ph3n3io- 
logical effects arising from the radium emanation. 

The ionization varies linearly with pressure up to several millimeters 
of mercury but not at much higher pressures. Actually plots of ioniza- 
tion versus pressure shqw a maximum value at about 150 mm for air, 
and at about 500 mm for hydrogen. 

Calibration of Hot-Cathode Gauge for Different Gases. The sensi- 
tivity of any given design of gauge depends upon the nature of the gas 
used. In their early investigation on the calibration of an ionization 
gauge. Found and Dushman'®® concluded that the sensitivity S varies 
directly with the number of electrons in the molecule. On the basis of 
the knowledge of the arrangement and number of electrons in the atoms 
of different gases such a conclusion seemed quite incomprehensible, and 
a subsequent investigation was carried out by N. B. Reynolds.*®* 

More recently, A. H. Young and the writer*®^ repeated this work, with 
gauges similar in design to some of those used by Reynolds and also 
including the type VG-1 described above. A summary of the results 
obtained in both these investigations is given in Tables 4, 5, and 6. In 
these tables, S signifies, as stated previously, the value of the ratio 
ip/ie per micron. 

Table 4 gives the values of S (per micron) obtained by Reynolds for 
four gases and for mercury vapor, with seven gauges of the design orig- 
inally described by Found and Dushman (see Fig. 53). Data were also 
obtained for two FP-62 tubes, which are triodes of the UV-200 con- 
struction. The oval flat plate was used as ion collector, the grid as 
anode, and the hairpin filament as cathode. 

The measurements were carried out under the two sets of conditions: 
(c) higher pressures, = 0.5 milliampere, Vg — 125; and (6) lower 
pressures, ie = 20 milliampere, F, = 250. 

In order to compare observations on the same gas with different 
gauges, the values of r ( = ratio of S for the gas to S for argon) are also 
given in the table. As will be observed the values of r for any one gas, 
Phya. Rev., 28, 734 (1924). 

*“ Phyaica, 1, 182 (1931). 

*” Phya. Rev., 68, 278 (1946). 
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TABLE 4 

Calibration op Ionization Gauge (Reynolds) 


10*5 r = S/Sa 


Gauge 

ie 

He 

Ne 

A 

Hg 

N2 

He 

Ne 

Hg 

N2 

1 

0.5 


0.88 

6.93 

12 



,0.127 

1.73 


2 



.75 

5.87 




.128 



3 




5.33 


3.73 




0.70 

4 



.67 

4.80 


3.20 


.140 


.67 

5 



.56 

4.53 


2.53 


.124 


.56 

6 


0,40 

.53 

4.53 


2.93 

0.09 

.117 


.65 

7 


.40 

.27 

3.73 



.11 

.072 


.61 

Average: 




5.10 



.10 

.118 

1.73 

.64 

FP-62 

0.5 

0.61 

1.07 

5.60 


4.53 

0.11 

0.191 


0.81 

Ditto 

. 


1.15 



5.33 





1 

20.0 


1.27 

5.33 

13.3 



0.238 

2.5 


3 




5.86 


4.40 




0.75 

4 



1.20 

4.93 


4.00 


.246 


.81 

5 



1.13 

5.13 


3.33 


.220 


.65 

6 


0.65 

1.40 

5.00 


3.67 

0.13 

.280 


.73 

7 


.61 

1.00 

4.67 


3.40 

.13 

.214 


.73 

Average : 




5.15 



.13 

.24 


.73 


TABLE 5 

Calibration op Ionization Gauge (Dushman and Young) 
. (ie = 1.0 ma) 


Gas 

FP-62(1) 

FP-62 (2) 

. VG-1 

Average Value 

ID’S 

r 

10»S 

r 

10‘S 

r 

r 

r(Pi) 

He 

0.77 

0.140 

0.70 

0.133 

2.88 

0.127 

0.133 

0.14 

Ne 

1.08 

0,196 

1.08 

0.205 

4.65 

0.206 

0.202 

0.21 

A 

5.50 

1.0 

5.27 

1.0 

22.6 

1.0 

1.0 

1.00 

Kr 

8.9 

1.62 

8.4 

1.59 

32.9 

1.46 

1.56 


Xe 

12.0 

2.16 

13.0 

2.46 

50.9 

2.25 

2.29 


Hg 

15.0 

2.73 

14.5 

2.75 

72.0 

3.18 

2.89 

1.90 

H* 

2.14 

0.39 

2.10 

0.40 

8.65 

0.38 

0.39 

0.34 

Nj 

4.90 

0.89 

4.40 

0.83 

18.2 

0.81 

0.84 

0.90 


obtained with different gauges, do not differ greatly except in the data 
for neon at 0.5 milliampere. 

The results obtained by Young and Dushman are given in Table 6. 
Comparing these with those given in Table 4, the agreement is found to 
be reasonably fair, except for mercury, for which the more recent data 
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are to be considered more reliable. Of greatest interest is the fact that 
the values of r for the different gases seem to be independent, to a large 
extent, of the design of gauge used. That is, for any one gauge it is 
only necessary to obtain a calibration with one gas (argon is best), and 



Electron velocity in volts 

Fig. 67. Probability of ionization (ions per electron per centimeter path at 1-mm 
pressure) as function of electron velocity. 

then, by means of the average values of r, the values of S for the other 
gases may be deduced. Whether this conclusion is valid for all possible 
variations in design is questionable, since the observations have been 
made on only two or three designs of gauge which are fairly similar. 

In his investigation Reynolds compared his results for the values of 
8 with the results derived by means of a graphic^ integration based 
on the probability of ionization (P,) of different gases as a function 
of electron velocity. The observations recorded in the literature on 
the values (tf P.' as a function <rf electron velocity are shown in Fig. 67, 
taken from Rejmolds’ paper. The different curves were obtained from 
the following sources: I, mercury— K. T. Compton and C. C. Van 
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II, mercury— W. Bleakney;^®^ III, mercury— P. T. 

IV, nitrogen— Compton and Van Voorhis; V, argon — Comp- 
ton and Van Voorhis; VI, argon — Smith; VII, neon — Compton and 
Van Voorhis; VIII, neon— 5mith; IX, helium— Compton and Van 
Voorhis; X, helium — Smith. The circles represent results obtained by 
Bleakney for argon and neon.^^® ^ 

Assuming a linear potential distribution between the electrodes, 
Reynolds calculated from these curves, and the known distances be- 
tween the electrodes, the total probability of ionization per electron 
between the ionizing potential and the maximum anode voltage, V g. 
Multiplying this value by ie gave the calculated value ip at 1 mm pres- 
sure. He found that ip (the observed value) was equal to 3.9 times that 
calculated, a factor which could readily be accounted for on the basis of 
theoretical considerations. 

It will be observed that the values of Pi shown in Fig. 67 are in the 
same order, for the different gases, as the values of r given in Tables 4 
and 5. The writer finds that these values are in rather remarkable 
agreement with the relative values for Pi observed for 100-volt electrons 
by I, Langmuir and H. A. Jones.^®^ These relative values are given in 
the last column of Table 5. 


TABLE 6 

Relative Sensitivities op Ionization Gauge Compared with 
Ionization Probabilities 


Gas 

Vi 

r(L and J) 

r{Y and D) 

r(R) 

He 

24.58 

0.14 

0.13 

0.10-0.13 

Ne 

21.56 

0.21 

' 0.20 

0.12-0.24 

A 

15.76 

1.00 

1.00 

1.00 

Kr 

14.00 


1.56 


Xe 

12.13 


2.29 


Hg 

10.43 

1.90 

2.89 

1.73-2.50 

H2 


0.34 

0.39 


N2 


0.90 

0.84 

0.73-0.81 


Table 6 shows that, for the rare gases and mercury, the values of r, as 
observed by Langmuir and Jones, Young and Dushman, and Reynolds, 

^^^Phys, Rev,, 26, 436 (1925); 27, 724 (1926). 

^^^Phys, Rev., 34, 157 (1929); 36, 139, 1180 (1930); 36, 1303 (1930). 

Phys. Rev., 36, 293 (1930); 37, 809 (1931). Also a curve for helium is given 
by P. T. Smith, Phys. Rev., 39, 270 (1932). 

Similar plots, including a few more recent observations, are given in the review 
by R. B. Brode, Rev, Modem Phys., 6 , 257 (1933). 

Phya. Rev., 31, 357 (1928), Table VIII. 
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increase with decrease in Vi. On the whole there appears to be a fair 
agreement between the values of r for any one gas obtained in these 
three investigations. Similar observations on the relation between the 
values of Pi and those of Vi have been made by a number of investi- 
gators. A natural assumption is that log r should decrease linearly 
with increase in Vi- 

For the gases neon, argon, krypton, and xenon a plot of log r for log S 
for the same gauge) versus Vi is approximately linear. However, the 
values for helium, mercury, hydrogen, and nitrogen do not fall on this 
plot. In the case of hydrogen and nitrc^en the values for Vi obtained 
by C. G. Found^®® are 15.1 and 15.8 volts, respectively. 

For cadmium, Vi = 8.95 volts, and it was to be expected, on the 
assumption that log r increases with decrease in F*, that r for cadmium 
would be greater than r for mercury. However, the value of S actually 
observed, in this laboratory, by H. Huthsteimer, using a VG-1 gauge, 
was 44 microamperes per milliampere per micron, corresponding to 
r = 2. A calibration* carried out with the same type of gauge for iodine 
vapor yielded the results S = 100 • lO”"® per micron and r = 4.4. 

As is evident from Fig. 68, the values of S per micron (for a standard 
gauge) versus Ac, the total number of electrons per molecuUy for the 
different monatomic and diatomic vapors and gases lie on a fairly satis- 
factory straight line. Although these observations thus confirm the 
conclusion deduced some years ago by Found and the writer, they are 
still just as difficult to explain. 

A comprehensive discussion of the theory of the ionization gauge has 
been published by N. Margulis.^^® , He finds that the observations on 
the values of Pi made by K. T. Compton and Van Voorhis^®^ may be 
adequately represented by a relation of the form 

Piiy„) = a{V, - (3) 

where P,- is the probability of ionization as a function of accelerating 
voltage (Fj), and a and /S are constants, characteristic of each gas, for 
which the values are deduced from the experimental data. On the 
assumption that the electrodes are in the form of concentric cylinders, 
that the internal-control type of circuit is used, and that the distribution 
of potential between the electrodes is linear, the relation derived for the 
gauge constant is of the form 
RP 

' 9 

Phys. Rea., 1% ( 1920 ). 

Phytik, Z. Sowjetunion, 6 , 407 ( 1934 ). 

^"Loe.dt. 
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where B is a constant for the given design of tube and for any given gas. 

For external-control type of circuit, the relation for S has the same 
form except that the constant B is different. 

A comparison of calculated with observed values of S for a given 
construction of gauge shows good agreement in the case of the internal- 
control and less favorable accord in the case of the external-control 



cule, for different gases and vapors. 16^5 per micron — microamperes per milli- 

ampere per micron. 

type of circuit. It is evident that the above equations do not lead to 
any simple relation between r and F,-. 

In this connection it is of interest to compare with the above data 
some observations on the values of S made by H. Simon*®* with a 
Telefunken “R. E. 11” triode. With the external-control tsrpe of cir- 

Z. iech. Physik, 6, 221 (1924); also A. Goetz, PhytUe und TecAnik des Hoch- 
vakuvms, Braunschweig, 1926, p. 197. 
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cuit, the values of S per micron (observed) and values of r calculated 
from the values of S were as follows: 

A N2 Ha 

10*S 1.88 1.44 0.68 

r 1 0.77 0.31 

Although obtained with quite a different design of triode, the values 
of r for nitrogen and hydrogen are in fair agreement with those given in 
Tables 5 and 6. The actual values of S obtained by Simon are obviously 
much lower than those recorded in Table 6. 

Also deserving of comment are the plots for P,- as a function of hnode 
voltage which have been published by A. Boburieth^** in a review of 
characteristics of ionization gauges. According to these plots, the 
maximum values of P,- occur for hydrogen, nitrogen, and mercury at 
about 200 volts, whereas, according to the plots in Fig. 67, the maximum 
values are observed at anode potentials ranging between 75 and 150 volts. 
Since the author does not state the source of his plots, some question 
may be raised regarding their reliability. However, the actually 
observed value of S for argon is stated to be about 62.5 • 10“® per 
micron with an anode potential of 250 volts, whereas the maximum value 
given in Table 5 is 22.6 • 10~® for 150 volts on the anode. 

The gauge used in this case consisted of a V-shaped tungsten filament 
inside a cylindrical anode made of tungsten in the form of a spiral with 
only a few turns, while the collector consisted of a molybdenum box of 
rectangular cross section outside the anode. Gauges of similar design, 
tried out in this laboratory, have not proved to be as sensitive as the 
VG-1 construction described above. 

When the ionization gauge is used to measure the pressure of gases 
or vapors which can react chemically or electrochemically (as ions) with 
the cathode or the other metal elements, the interpretation of the 
positive-ion currents observed becomes quite difficult. In the presence 
of water vapor, carbon monoxide, carbon dioxide, and halogen gases, the 
cathode is attacked very rapidly, even at pressures below 10"* micron, 
and calibration of the gauge becomes almost impossible. In the 
presence of hydrocarbon vapors tungsten reacts to form carbides (W 2 C 
and WC), thus affecting both the resistance and electron emissivity. 
Even at pressures of KT* micron, these reactions occur at a fairly rapid 
rate and ultimately lead to bum-out of tha cathode. 

In his inve^igations on the ultimate pressures obtainable with oil- 
vapor pumps, Hickman assiuned that, for a given ratio of positive ion 

Fiefe, 1, 61 (1946). 
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to electron current, the real vapor pressure relative to that of nitrogen, 
for the same value of is 28.0/ilf, where M denotes the molecular 
weight of the liquid used. Thus, for the different esters, the positive- 
ion currents (for constant values of ie and anode V) would be 11 to 13 
times those observed at the same absolute pressure for nitrogen.^®^ 
Actually, the molecules of the vapor are decomposed by the hot 
cathode into hydrogen, carbon monoxide, carbon dioxide, and hydro- 
carbon compounds of lower molecular weight. Obviously these mole- 
cules contribute towards the observed positive-ion current, and the 
magnitude of this additional current must depend upon the rate at which 
the decomposition products are removed from the immediate neighbor- 
hood of the electrodes. These conclusions are strikingly illustrated by 
observations made by J. Blears,^®^ which have been discussed in Chapter 
6, in his investigation on the ultimate pressures obtained in vapor pumps, 
and also by results obtained in this laboratory, which are discussed 
below. 

In Fig. 69, taken from Blears^ paper, are given pressure-temperature 
plots for several oils. ^Tor comparison purposes,^’ as Blears states, 
‘^a curve for mercury has been added (the 20® C value for this material 
was measured with the ionization gauge, but the slope is taken from the 
standard tables).” All these pressures are expressed in terms of the 
calibration of the gauge for nitrogen. 

Assuming that these plots correspond to the vapor pressures of the 
different liquids in the temperature range obtained by means of the 
cooling water, it is possible to conclude that the equivalent nitrogen 
pressure is anywhere from 20 to 200 times that of the actual vapor pres- 
sure as deduced from the data in Table 5.2.^®^ 

In order to investigate this matter at further length a series of observa- 
tions was made in this laboratory by H. Huthsteiner. The arrangement 
used in this investigation was the following. 

A standard gauge, to the lower end of which was connected an ap- 
pendix containing a few cubic centimeters of the oil, was immersed in an 
oil bath maintained at constant temperature. The upper end of the 
gauge was connected through a short length of wide tubing to a large- 
diameter trap and this, in turn, to a high-speed oil-vapor pump. In 
some of the experiments the trap was replaced by a U-tube containing 
activated charcoal. Thus any decomposition products or volatile 

This assumption was deduced from the statement made in 1922 by Found and 
Dushman regarding the calibration of an ionization gauge for different gases. 

Proc. Roy. Soc. London^ A, 188, 62 (1947). 

In correspondence with the writer Dr. Blears has advanced valid reasons 
against drawing such a conclusion. 
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constituents in the oil under investigation were removed continuously. 
The filament current and plate voltage were applied only during the very 
short interval of time (less than a minute) required to adjust the circuit 
for the desired value of ie and to read the corresponding value of ip. 



Fig. 69. Ultimate pressures of t3q>ical fluids as measured with “ high-speed 

ionization gauge (Blears). 

In this manner a series of calibrations of the gauge were obtained for 
different temperatures of the bath, corresponding to vapor pressures of 
the oil ranging from about 0.1 to 1.0 micron. The values of the vapor 
pressures were obtained from the data in Table 6.2, 

Before starting a series of measurements, the oil in the appendix was 
evacuated for an hour or longer at a temperature above the maximum 
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used in the calibration. The voltages on the anode and collector were 
the same as those used in the calibration with nitrogen, for which the 
sensitivity, under these conditions, was 18.3 microamperes per milli- 
ampere per micron. 

In the case of Octoil-S a plot of log ip (at constant value of u) versus 
1/T was observed to lie parallel to the plot of log Pp versus \/T (using 
the data obtained from Metropolitan-Vickers^®® which corresponds to a 
value for 5 of 91 * 10“^ per micron. This value was obtained for u = 
0.1 ma. For higher values of the value of S tended to increase, 
especially at pressures of about 1 micron. 

With Amoil-S the initial values of S were around 130 • 10~^ per micron. 
However, this value increased with time, even when the oil was main- 
tained at constant temperature. Evidently this oil is adsorbed by the 
collector and grid, and hence the resulting positive-ion current is much 
greater than that corresponding to the equilibrium vapor pressure. 

In the experiments with butyl sebacate a similar increase was observed 
from an initial value for S of about 120 • 10“"^ to 300 • 10~^ per micron 
and higher. 

Some observations made with silicone oil were of special interest. 
The initial value of S was about 50 • 10“^ per micron. However, with 
the oil at a temperature of about 80® C and with the gauge operated 
continuously the sensitivity decreased in the course of several hours to 
about 10 • 10“^, owing, evidently, to the formation of an insulating 
layer (presumably SiO) on the collector. This could be removed by 
heating the electrode with high frequency, after which the gauge ex- 
hibited normal sefasitivity for quite a period (the length of which 
decreased with increase in the vapor pressure of the oil in the gauge). 

On the other hand, in observations on naphthalene, a comparison of 
the values obtained for the ratio ip/ie at a series of temperatures with 
values of the vapor pressure published by Mrs. M. R. Andrews^®^ 
yielded an average value for S of about 16.5 • 10”^ per micron. 

All these observations lead to the obvious conclusion that, in using 
an ionization gauge to measure vapor pressures of organic liquids and 
solids, considerable caution must be used in the interpretation of the 
observed data. 

In connection with the interpretation of ionization gauge measure- 
ments at pressures below about KT^ micron, some very significant 
observations have been drawn to the attention of the writer by W. B. 
Nottingham. In attempting to evacuate electronic devices to extremely 

See reference 3, Table 6.2. 

J. PhyB. Chem., 27, 270 (1933). 
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low pressures (see discussion in Chapter 10, section 12), it has been 
observed by Nottingham and also by Apker, in this laboratory, that it is 
practically impossible to measure pressures below about 10~* micron, 
although the thermionic and photoelectric emission characteristics 
indicate pressure of residual gas much below 10“® micron. Nottingham 
has suggested (and obtained experimental evidence in confirmation of 
this suggestion) that the soft X-rays, produced by the incidence of 160 
to 250 volt electrons on the anode, liberate photoelectrons from the ion 



Fig. 70. Circuit for direct-reading ionization gauge (Found and Reynolds). 

collector. Since these electrcms emitted from the ion collector cannot be 
distinguished on the current meter from the positive ions incident on 
the collector there must exist a lower limit to the value of ip, with 
decrease in pressure, which corresponds to pure photoelectric emission. 
This lower limit of computed pressure is apparently about' 10^® micron. 
Therefore, in order to measure still lower pressures, Nottingham has 
proposed a design of gauge in which it will be possible to separate the 
two effects. Since the experimental work is still incomplete no further 
results can be reported at this time. 

Control Circuits for Ionization Gauge. The desirability of main- 
taining a constant value of it in a series of pressure measurements has led 
to the development of a considerable variety of electricsal circuits which 
employ control devices of different types. 

C. G. Found and N. B. Reynolds*** used a circuit which is shown in 
Fig. 70. The filament of the particular gauge, G, required about 1 
ampere heating current. The authors state, 

J, Oj^ical Soc, 4in> tmd Rev. Sci. Imtrummte, 18, 217 (1926). 
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This is supplied from 125 volt line through a resistance r 2 in the positive arm. The 
accelerating voltage to the grid is supplied from the same source, the positive terminal 
being connected to the grid through the coil of a relay or Kearsley stabilizer, 
across the contacts. The relay is adjusted so that when the electron current to the 
grid increases above 10 ma, the contacts open, throwing the resistance in series 
with the filament, thus decreasing its temperature and maintaining the electron 
current in the gauge constant at 10 ma. The plate is used as collector and is held 
27 volts negative by means of the batteries B and C. In order to amplify the posi- 
tive-ion currents, a resistance ri is placed in series with the collector and the voltage 
drop across this is amplified by means of a push-pull amplifier circuit using UV-201A 
radio trons, Ti and T 2 . The current, indicated by the meter M, is proportional to 
the positive-ion current to the plate in the gauge G, and is therefore proportional to 
the pressure. 

A mechanical relay control of the filament current has also been 
proposed by E. K. Jaycox and H. W. Weinhart.^^® W. P. Overbeck and 
F. A. Meyer^^^ have suggested the application of a saturable-core trans- 
former to the control circuit of a gauge, while J. B. Hoag and N. M. 
Smith^^^ have described a control circuit which uses a thyratron. 

Because of difficulties inherent in all these circuits, L. N. Ridenour 
and C. W. Lampson^^^ proposed a circuit in which the power supplied 
to the filament is controlled by the grid voltage in two triodes which are 
used with a transformer to produce full-wave rectification. This grid 
voltage is controlled in turn by the electron current in the gauge. The 
circuit thus uses radiotrons exclusively, and the source of energy is 
1 10-volt alternating current. 

J. B. H. Kuper^^^ has described a circuit for a-c operation of the 
gauge in which batteries are completely eliminated. 

A modified construction of gauge, which is very interesting, is de- 
scribed by C. G. Montgomery and D. D. Montgomery.^^® They state, 

Instead of using a single grid and accelerating the whole emission of the filament, it 
is possible to employ a gauge with two grids, and accelerate only those electrons 
which have passed the first grid. The number of such electrons can be regulated by 
the potential of the first grid, and is then largely independent of the emission of the 
filament and the filament current. It is then possible to control the potential of the 
first grid in such a way as to make this independence practically complete. 

A standard type ^‘47’^ vacuum tube is used for the gauge, and the sensi- 
tivity obtained has a value S = 3.33 • 10”"^ per micron. 

W. K. Kearsley, /. Radiol, July, 1921. 

Rev, Sci, Instruments, 2, 401 (1931). 

Rev, Sci. Instruments, 5, 287 (1934). 

Rev. Sci. Instruments, 7, 497 (1937). 

Rev. Sci. Instruments, 8 , 162 (1937). 

Rev, Sci. Instruments, 8, 394 (1934). 

Rev. Sci, Instruments, 9, 68 (1938). 
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A control circuit has also been described by R. M. Bowie, in which 
high sensitivity and stability are achieved by means of a balanced ampli- 
fier, negative feedback, and a gas tube voltage regulator. 

A radical type of control and indicating circuit has been described by 
L. N. Ridenour, in which the grid control circuit is the same as that 
proposed previously by Ridenour and Lampson. The circuit is stated 
to have the following features: 

(1) No meters whatever are required; the plate current of the gauge tube is 
indicated by a 6E5 tube,^^® both during normal operation and during the outgassing 
operation. (2) The grid current in the gauge is held constant at any desired value, 
regardless of changes in line voltage, gas pressure, or the nature of gas in the vacuum 
system. (3) Outgassing of the grid of the gauge tube may be done by throwing one 
switch. (4) The grid current is controlled automatically during outgassing. 
(5) Any type of tube may be used as gauge tube proper, without changes in the 
control and indicating circuit. 

The actual circuit is quite a complex affair to anyone but an electronic 
expert, and the interested reader should consult the original paper for 
complete details. 

An emission-regulating circuit has also been described by R. B. Nelson 
and A. K. Wing, Jr.^^^ Both Ridenour and Nelson^®^ have introduced 
modifications in the control circuit which make it possible to use the 
arrangement either as a gauge or as a leak detector (see discussion in 
section 9 of this chapter). 

J. M. Lafferty of this laboratory has developed a circuit which has 
proved very satisfactory in operation. Though it does not possess the 
emission-regulating feature of some of the more complicated circuits, 
it is very simple to construct and operate. He states 

The circuit shown in Fig. 71 may be divided into three parts, (1) the regulated 
power supply, (2) the balanced bridge d-c amplifier, and (3) the ionization gauge. 

The d-c power supply voltage is held nearly constant by means of the voltage 
regulator tubes V 2 and Vz. The various voltages required are tapped off from the 
potentiometer network R 2 through Ri. The potentiometer R%y Ri supplies a 25-volt 
negative bias for the ionization gauge plate, R 2 and Rz provide 150 volts for the 
grid. The potentiometer Raj Rb across Vz gives 0.2 volt for calibrating the amplifier. 
A total potential of 255 volts across the two VR tubes (72 and Vz) is supplied to the 
amplifier tube Va. Ri is adjusted so that a total current of 60 ma flows through it. 

The amplifier is a bridge-type vacuum-tube voltmeter. This type of circuit has 

Rev, Sci. InstrumentSy 11, 265 (1940). 

Rev, Sci, Instrumental 12, 134 (1941). 

This is also known as a '‘magic eye’^ tube since it contains a fluorescent screen 
on which a pattern is produced. 

^'^^Rev, Sci, Instruments^ 18, 215 (1942). 

Rev, Sci, InstrumentSy 16, 56 (1946). 

Personal communicafion. 
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f. 71. Circuits for ionization gauge (Lafferty). 
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the advantage of being quite stable against variations in plate and filament voltage. 
Both arms of the bridge are affected nearly the same by these variations and bridge 
balance is maintained. Further stabilization is obtained by means of negative feed- 
back through the common self-biasing resistor Rn. Resistors Rs and i^io form two 
arms of the bridge circuit and the triodes form the other two arms. Positive-ion 
current from the gauge flowing through any one of the resistors Rn-Rn produces a 
voltage drop which is applied to the grid of the left-hand triode. This produces an 
unbalancing of the bridge resulting in a current flow through th6 microammeter M3. 
This current is indicative of the pressure in V 5. 

The procedure for operating the circuit is as follows: aSi is turned on and the 
circuit allowed to warm up for about 3 minutes. With the Variac turned down so 
that the ionization gauge filament is off, and the selector switch S 2 set at tap 1, the 
bridge is balanced by adjusting Rg until the current through Ms is zero. The 
amplifier is next calibrated by turning the selector switch to position 2. This applies 
0.2 volt to the amplifier. By varying i^n, the current through Mz is adjusted to 
give a full-scale deflection of 50 microamperes. The sensitivity of the amplifier is now 
such that a full-scale deflection of M3 would be obtained on application of 100, 10, 1, 
or 0.1 microampere to the amplifier input with the selector switch on positions 3, 4, 5, 
and 6 respectively. The Variac is now turned up until the ionization gauge filament 
gives 5 milliamperes of electron emission as measured by Mi. The selector switch 
is turned to the proper tap and the pressure is read on Ms. If the ionization gauge 
has a sensitivity of 20 microamperes per micron, a full-scale deflection of M3 on taps 3, 
4, 6, and 6 corresponds to pressures of 5 • 10~®, 5 • 10”"*, 5 • 10~®, and 5 * 10”® mm of 
mercury respectively. 

When the tap switch is set on the most sensitive position there may be a slight 
zero shift of M3 due to the flow of positive-ion grid current from the amplifier tube V a 
through Rn. This may be corrected by turning the Variac down and readjusting 
the zero by means of Rg with the tap switch set at position 6. 

By placing a No. 3002 Sola constant voltage transformer in the 115 volt line, the 
zero shift and changes in the sensitivity of the amplifier are negligible for a ±20 per 
cent change in line voltage. 

A commercially available control system for the ionization gauge, in 
which the electron current is maintained constant, has been described 
by H. E. Van Valkenburg,^®^ and E. A. Hamacher^®^ has described a 
circuit for an automatic ionization gauge and audiofrequency monitor 
for use with a cyclotron. 

A control system developed by R. G. Picard, P. C. Smith and S. M. 
Zollers^®^ makes use of both a thermocouple and cold-cathode discharge 
tube (similar to that devised by Penning). Figure 72 shows the circuit 
diagram, which is described as follows; 

^ ^The two pole-three position switch jS- 1, which controls the a-c power to the circuit 
through protective fuse F-1, is optional. In the No. 1 position, all power is ^‘off.” 
In the No. 2 position, power is supplied to a thermocouple gauge, V-3, and its asso- 

Gen. Elec. Rev., 49 , 38 (1946). 

Rev, Sci. InetrumenUf 17 , 281 (1946). 

Rev. Sci. Instrumental 17 , 125 U946). 
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dated components, T-1, E-1, 7-2, and M-1. In the No. 3 position, power is supplied 
to the discharge gauge, 7-1, and its associated circuit components, T-2, JR-2, 3 and 4, 
C-1, 7-4, and Af-2, as well as the thermocouple gauge circuit. . . . Since neither gauge, 
7-1 nor 7-3, is affected by atmospheric gases at pressures from 760 mm down to the 
lowest attainable by the system, input power may be fed continuously to the circuit 
or controlled by a simple ^ ^on-off” switch. 

The power for the thermocouple is supplied by the transformer T-l 
and regulated by 72-1. The thermocurrent output from the junction is 
measured by the galvanometer M-1, which has a full-scale sensitivity of 



Fig. 72. Control circuit for use with thermocouple and cold-cathode discharge tube 

(Picard et alii). 

7.5 millivolts. An amperite regulator F-2 (capable of supplying 15 to 
25 per cent more current than required by the thermocouple) is used to 
overcome the effect of line voltage regulation. 

Voltage for the diode is supplied by the secondary of T-2 and the current in the 
circuit is limited by R-2 to a maximum of 3 milliamperes. At atmospheric pressure, 
no current flows in the circuit. As the pressure surrounding the gauge elements is 
reduced to about 200 microns, a discharge occurs in the gas and an alternating current 
flows through 7-1, 7-4, and C-1. 7-4 is a type 991 neon tube which fires as a result 

of the alternating current, causing both of its elements to glow. As the pressure 
is further reduced, 7-1 begins to rectify the applied alternating current and continues 
to act as a unidirectional conductor to the end point of its ability to indicate pressure. 
As 7-1 starts to rectify, one element of 7-4 commences to lose its glow intensity, and, 
at a pressure of 25 microns, this element is completely without illumination. At the 
low point of the effective range of 7-1, 7-4 is without illumination except for a very 
small discharge which plays back and forth between its elements. 7-4 acts as a 
simple, quick indicator of current flow and relative pressure. 

Capacitor C-1 by-passes alternating current around the d-c milliammeter (1 mil- 
liampere full-scale deflection). i2-3 acts as a current-limiting resistor for Af-2, and 
EA is an adjustable shunt which is set during calibration to limit the current in M^2 
to a full-scale reading. Meter ilf-2 reads the discharge current developed in 7-1, 
and the readings can be translated into accurate terms of pressure by calibration 
against a Mcleod gauge. 
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One element of the discharge gauge consists of the metal shell of the 
tube. A permanent magnet, A-1, serves to increase the ionization 
considerably and makes it possible to use the gauge to measure pressures 
as low as 0.1 micron. 

Figure 73 shows the calibration of the two gauges over a range of 
pressures. 
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Fig. 73. Calibration curves for combination of gauges used in circuit 
shown in Fig. 72. . 


For general use, the meters and circuits have been incorporated in a 
single unit from which cables extend to the gauges and also to the source 
of alternating current. Furthermore there is described in the publica- 
tion a circuit ‘thereby the current from the gauges may be used to 
control equipment so that the pressure in the vacuum system may be 
used to operate other devices. 


8. GENERAL REMARKS ON GAUGES 

In the different problems encountered in high-vacuum technique the 
question usually arises as to what one or two of the assortment of gauges 
described in the previous sections would be most satisfactory. Even if 
some of the designs described are obviously either impractical or very 
limited in their application, there still remains a considerable variety 
from which a choice may be made. One of the most important factors 
that must be considered is the range of pressures to be measured. 
Another factor is the nature of the gas or gases present in the system* 
Is it necessary to eliminate condensible vapors from the gauge? How 
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does the sensitivity of the gauge depend upon the nature of the gases or 
vapors? 

Figure 74 shows the approximate range of pressures of the gauges 
described in this chapter. The full line indicates the usual range, and 
the dashed portions to the left indicate sensitivities which have been, 
or may be, attained by specially designed constructions. 

The two bottom rows give values of n/(3.24), where n denotes tihie 
number of molecules per cm^ at 26® C, and values of L, the mean free 
path (in centimeters) for air at 25® C. 



Fig. 74. Chart showing ranges of pressures for different t 3 rpes of gauges. 


By means of this chart it should be possible to choose two or more 
types of gauges that meet the requirements of any special conditions in 
vacuum technical operations. 

The advantages and disadvantages of the principal types of gauges 
for use with oil-vapor pumps have been stated in a paper by J. W. 
DuMond and W. M. Pickels.^®* Their discu^ion, which is limited to 
the McLeod, Pirani, ionization, and Knudsen types of gauges, is sum- 
marized in the following remarks. 

8ci, JnstrumerU$t 6, 362 (1935). 
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The McLeod gauge has the following disadvantages: (1) It does not 
give continuous readings of the pressure. (2) It is insensitive to con- 
densible vapors. (3) In order to eliminate mercury from the rest of the 
system it is necessary to insert a liquid air trap. ^^Such traps,” it is 
stated, “are never completely effective over long periods. (4) The 
readings are never very dependable below 10“"^ or lO”® mm Hg pressure.” 

The ionization gauge has a very wide range of pressures but possesses 
the following disadvantages: (1) It requires considerable auxiliary 
electrical equipment. (2) Its sensitivity varies for different gases and 
vapors. (3) The filament emission may be “poisoned” in the presence 
of certain gases. (4) The filament is susceptible to burn-out if exposed 
to air while hot. (6) “Ion-bombardment destroys the filament more or 
less rapidly with continued use.” (6) The electrodes must be out- 
gassed very thoroughly before the gauge can be used to give reliable 
indications, especially at extremely low pressures. (7) The hot filament 
decomposes certain gases (especially hydrocarbons). 

To these disadvantages may be added those due to chemical and 
electrical “clean-up” effects. As will be discussed more fully in Chapter 
10, the gradual decrease in pressure in an electrical discharge tube is a 
well-known phenomenon, which is observed with cold as well as with hot 
cathodes. Such clean-up occurs with all gases and obviously must be 
taken into account in the interpretation of observations made by means 
of an ionization gauge. In fact, H. Schwarz^®® has made the following 
statement: “Everyone who measures pressures under 10“^ mm with the 
ionization gauge must regard his measurements with more or less 
skepticism.” 

However, in view of the experience of the writer, the situation is not 
quite as bad as this statement would imply. If the plate voltage or 
current to the filament is applied only during the very short interval 
necessary to observe both the electron and positive-ion currents, then 
the amount of clean-up is reduced to a minimum. That is, the gaiige 
should not be operated continuously when it is desired to determine the 
pressure in a sealed-off system. With a circuit such as that devised by 
Ridenour or Nelson which has been described in the previous section, a 
pressure determination may be made in a few seconds and it will be 
found that under these conditions the reduction in pressure is negligible. 

As DuMond and Pickels point out, the Pirani or hot-wire gauge has 
two main disadvantages: (1) “It is very difficult with it to maintain a 
stable ^zero^ point of pressure and it cannot therefore be used with con- 
fidence to measure pressures much below 10"^ mm Hg.” (2) As the 


Z. Physik, 122, 437 (1943). 
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pressure is decreased below about 10“® mm Hg, the loss of heat by 
conduction becomes negligibly small as compared with the radiation 
loss. It is stated; 

No modification in the geometrical design of the gauge can improve the ratio of 
energy loss by gas conduction to energy loss by radiation since at these low pressures 
the molecules of gas travel in straight lines between the wire and the walls just as the 
photons of radiation do. 

Now this is the chief reason for the superiority of the Knudsen gauge. At these 
pressures the energy transported by molecules of gas is small compared to the energy 
transported by photons of radiation, but the momentum transported by molecules is 
huge compared to the momentum transported by photons on account of the com- 
paratively enormous mass of the molecules. The Pirani gauge measures the molecu- 
lar energy transport while the Knudsen gauge measures the momentum transport, 
hence its superiority. 

The main advantages of the Knudsen type are the following: (1) It 
requires no auxiliary electrical circuits such as are used with the ioniza- 
tion gauge, (2) The deflections of the mirror are proportional to the 
pressure and correspond to absolute pressures, independently of the 
nature of the gas. 

On the other hand, the use of a suspension involves difficulties similar 
to those met with in any sensitive galvanometer, especially when dealing 
with extremely low pressures. Such difficulties will arise whenever the 
gauge is subjected to external causes of vibration. Moreover, in a gauge 
such as that designed by DuMond and Pickels it is very difficult to 
outgas the parts, and any wax or grease joints are likely to be sources 
of constant gas evolution. 

The fact is that each of the different types of gauges described in the 
previous sections possesses both advantages and disadvantages. The 
experimenter must decide upon the objective of any set of measure- 
ments and then choose that gauge or those gauges which will give him 
the desired information most conveniently and to the desired degree of 
accuracy. Many times information of order of magnitude of the pres- 
sure is sufiScient; at other times a continuous record of variation in 
pressure may be desired, without any reference to the nature of the 
gases present. 

For instance, in the evacuation of electronic devices the factor of 
significance is the ratio tp/ze, irrespective of the nature of the ions. An 
ionization gauge gives this information directly, and, though the neces- 
sity for using auxiliary electrical circuits may appear a disadvantage, the 
actual fact is that such gauges have found extensive application in fac- 
tory practice as well as in the laboratory. 

The same statement applies to a Pirani gauge. In industrial applica- 
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tions of vacuum technique as well as in purely scientific investigations 
the hot-wire gauge is widely used, along with the thermocouple and 
McLeod gauges. 


9. LEAK DETECTORS 

s 

To the experimenter interested in exhaust problems, one of the great- 
est difficulties results from the presence of leaks. Leaks may occur from 
a variety of causes, and the increasing complexity of tube design has 
multiplied the number of these causes to a great extent. 

The time-honored method of detecting leaks in glass systems is by 
means of a Tesla spark-coil; a leak at any point is indicated by a char- 
acteristic pink color of the discharge, due to the presence of nitrogen in 
the system. (Occasionally, if the spark is too intense, the spark-coil 
itself will produce a fine hole!) If ether, carbon tetrachloride, or acetone 
is poured on the suspected spot, the presence of a leak will be indicated 
by the characteristic color of the glow due to the presence in the system 
of the vapors of these compounds. 

The spark-coil test is, of course, useless for leaks in metal parts. 
Furthermore, this test is not very sensitive. In order to maintain a 
discharge the pressure in the system must be of the order of a few 
microns, and this pressure implies, even with a fairly moderate speed of 
exhaust, a high rate of leak of air into the system. 

For any exhaust system operating under optimum conditions, there 
will be established a stationary pressure, P„ which corresponds to 
equilibrium between rate of leak of gas into the system and rate of 
exhaust. This leakage of gas in the system may also arise, in “tight” 
systems, from evolution of gas at some part of the system which has not 
been baked out well, or it may be due to back diffusion from the pump. 

The pressure is measured by some form of low-pressure gauge attached 
to the system, and any abnormal leak will be observed by the gauge as 
an increase in pressure above the value P,. Under these conditions 
the location of the leak may be found by isolating parts of the system, 
if possible, or by coating suspected places with a suitable wax. J. B. H. 
Kuper^*^ has observed that the best location for the gauge is immediately 
above the fore pump, and he has used for this purpose an ordinary 40- 
watt light bulb, as a Pirani gauge, with a duplicate bulb sealed off at 
1 micron as compensator. The bridge circuit is fed from the a-c mains, 
and an audioamplifier and loud speaker are used to indicate gas evolu- 
tion or leakage. 

Rev. Sci. Ifutrumenta, 8, 131 (1937). 
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Since the Pirani gauge is most sensitive for hydrogen, a method used 
in many laboratories is to insert such a gauge in the position suggested 
by Kuper and pass a jet, through which a fine stream of hydrogen is 
flowing, over suspected points on the vacuum system. The fact that 
hydrogen diffuses through a hole more rapidly than air, combined with 
the much greater thermal conductivity of hydrogen, causes a marked 
change in the indication of the gauge when the jet strikes a leak. Qb- 
viously, a thermocouple or thermistor gauge may be used instead of the 
Pirani, although the Pirani is more sensitive. 

The application of this method, using a very sensitive Pirani gav^e, 
has been investigated by F. W. Reuter and C. Kenty in the Lamp 
Development Laboratory of the General Electric Company.^®® The 
method of measuring a leak, as described by these investigators, is to 
close off the main pump with a mercury cut-off and measure the rate of 
increase in pressure in the system as a function of the time, first with air 
flowing through the leak, and then with hydrogen. It is evident that 
with extremely small leaks the interval of time required to reach a deci- 
sion regarding the actual occurrence of a leak must become quite large. 
Furthermore, it is always necessary to distinguish between rate of 
evolution of gas in the system itself and increase in pressure due to a 
leak: the rate of evolution will, in general, decrease with time and 
should ultimately become extremely small, whereas with a leak the 
pressure should increase linearly with time. Actually Reuter and 
Kenty were able to detect leaks of the order of magnitude of 1 • 10”® 
micron • liter per hour. 

However, especially in production, it is usually essential to detect a 
“leaker” in as short a time as possible; consequently other methods 
have been applied, which, though much less sensitive, are still both 
sensitive and speedy enough to detect a very high percentage of leaks. 

The effect of gases like oxygen and halogen compounds on the electron 
emission from a tungsten or oxide-coated filament has been applied to 
detection of leaks. For instance, Ridenour^®® has observed that “a 
very small air leak” is sufficient to increase the current required by a 
“combined oxide” filament of a Western Electric (D79610) gauge tube 
for the standard emission value from 1.4-1 .6 to 1, 8-2.0 amperes. 

While testing for leaks by noting the response on an ion gauge caused 
by different liquids, J. H. Manley, L. J. Haworth, and E. A. Luebke^®® 
observed a decrease in .emission resulting from entrance of the vapor at 

Located at Nela Park, Cleveland. The remarks in this paragraph are based 
on a personal communication. 

ttm. Sd. InatrumerUs, 12, 134 (1944). 

ReVi Sci. Instruments, 10, 389 (1939). 
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the leak. This observation led E. J. Lawton^®^ of this laboratory to 
develop a method of leak testing which depends upon the effect of oxygen 
on the emission from a tungsten filament. 

As had been observed many years previously by I. Langmuir, an 
adsorbed layer of oxygen on tungsten decreases the emission to a tre- 
mendous extent. Thus if a diode containing a heated tungsten filament 
as cathode is inserted in a vacuum system as near as possible to the de- 
vice under test and a jet of oxygen is passed over a leak in some part of 
the device, the emission will suddenly decrease because of the effect of 
the increased concentration of oxygen in the diode. 

Hydrogen can be used in the same manner as oxygen; it usually 
causes a decrease in emission because the atomic hydrogen formed at the 



Fig. 75. Battery-operated leak detector involving effect of oxygen 
on emission from tungsten (Lawton). 

incandescent filament (see discussion in Chapter 10 on chemical clean- 
up) reduces some of the oxides present and the water vapor then affects 
the emission in the same manner as oxygen. 

The following description of the leak detector based on this principle, 
and simple circuit used in this laboratory by W. A. Ruggles, is given in 
a paper by R. B. Nelson.^®^ 

The leak detector consists of a diode with a pure tungsten filament and a closely 
spaced plate. A potential of approximately 22 volts is used to draw saturated emis- 
sion from the filament, which is heated by a storage battery. The emission current 
is measured by a microammeter supplied with a bucking voltage so that a sensitive 
meter may be used and small changes in the emission observed. Figure 75 shows the 
circuit diagram. With this apparatus, a leak of 10“® cc of air per hour has been 
readily detected. 


Rev. Sci. InatTumenUf 11, 134 (1940). 
Rev. Sci. InstrumentSy 16, 55 (1945). 
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A leak of this magnitude corresponds to about 0.76 micron • liter per 
hour. Actually L. R. Koller of this laboratory has observed that it is 
possible to detect by this method rates of leak which are as low as 0.01 
micron • liter per hour. 

' Since the battery-operated detector presents certain practical dis- 
advantages, Nelson developed an a-c operated detector which is shown 
in Fig. 76. The description of the circuit is as follows: 



A control diode similar to the leak detector, but highly evacuated and sealed off, 
has its filament heated by the same source of a-c power as the leak detector filament. 
The saturated thermionic emission current of the ‘^control diode'' is fed back to regu- 
late the a-c voltage which heats both filaments, thus compensating for line voltage 
changes in such a way as to keep constant emission in the control diode. Since we 
regulate the thermionic emission — the same rapidly changing function of filament 
power which we want to measure in the leak detector diode — the emission of the 
leak detector can be held quite constant as the line voltage varies. 

The feedback circuit by which the emission current of the control diode regulates 
the a-c voltage is similar to the emission-regulating circuit for an ionization gauge 
described by Ridenour and Lampson.^®® A transformer TRi has its primary in 
series with the arC line which heats the filaments. Across the secondary in full-wave 
connection are two triodes Ti and Tg. As the grid voltage of the triodes is raised, 
lowering their plate resistance, the impedance of the transformer primary is likewise 
lowered. This causes a decreased voltage drop across the primary and hence in- 
creased voltage on the filaments of the diodes. 

The emission current of the control diode, passing through resistor Ru produces 
the grid voltage of the d-c amplifier tube Tt, a higb-M triode. The cathode of this 

L. N. Ridenour and C. W. Lampson, Rev. Sd. Ir^trumenta, 8, 162 (1937). 
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tube is held at a steady positive potential Ei^ so that the tube is cut off until the 
voltage drop in Ri is almost equal to Ei. Further increase in grid voltage causes Tz 
to conduct, producing a negative bias on the grids of Ti and T^. 

The control circuit thus regulates the emission current of the control diode to a 
value about equal to E\/R\, Since the leak-detector diode may not have an identical 
filament, its filament transformer runs from a Variac by which the emission may be 
adjusted. The steady emission is balanced out from the microammeter by current 
through Rz so that a sensitive meter may be used and small changes in emission 
detected. 

Experience has shown that the leak detector must be run for about 
15 minutes before the emission becomes sufficiently stable to look for 
leaks. 

As mentioned previously, Nelson has combined the circuit for the 
leak detector with that required to operate an ionization gauge, and a 
description of the combined circuit is given in the original publication. 
The whole system is arranged in a box provided on the panel with two 
indicating instruments and control switches, which can be plugged into 
the standard 115-127 volt 60-cycle a-c supply. 

An interesting method for the detection of leaks described by H. 
Nelson^®^ involves the use of a hydrogen ionization gange^ which is 
shown in Fig. 77. According to Nelson's description, 

Part A is an evacuated and sealed-off ionization-gauge tube with a piece of palladium 
tubing P forming part of the envelope. Part B is made from Nonex glass tubing, 
ring-sealed onto the glass envelope of the ionization-gauge tube. C is a coil of 
platinum-clad molybdenum wire which serves to heat the palladium tubing. 

When this device is sealed to a vacuum system, it may be used for detecting and 
locating air leaks in a manner similar to that in which a conventional ionization 
gauge is used but with several important advantages. T^e palladium tubing is 
heated to a temperature of about 800® C at which it is‘ exceeingly permeable to 
hydrogen but to no other gases or vapors. If a jet of hydrogen, illuminating, or 
forming gas is then used to probe the system for leaks, hydrogen will enter the vacuum 
system at the point of leakage, pass through the walls of the palladium tubing, and 
give an increased pressure reading in the ionization-gauge unit. After the leak has 
been located and the hydrogen jet removed, the hydrogen is pumped out from the 
ionization-gauge tube through the walls of the hot palladium tubing. Since a far 
higher vacuum may be maintained in the sealed-off ionization-gauge tube with aid of 
getter than normally exists in a vacuum system, it follows that far smaller leaks can 
be detected by the technique described above than by the conventional technique in 
which the ionization-gauge tube is directly connected to the vacuum system. 

For detecting and locating air leaks in vacuum-tube envelopes the 
arrangement shown diagrammatically in Fig. 78 is used. 

With T immersed in liquid air and with all stopcocks open, the system is pumped to a 
pressure of about 10“^ mm of mercury. (The use of a merciuy- or oil-diffusion pump 
is not required.) The palladium tubing of the hydrogen gauge is then heated to 

Rev» Sci. InatrumentSf 16, 273 (1946). 
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about 800® C, a hydrogen hood is lowered over the tube under test, and the ion current 
of the sealed-off ionization gauge is watched for indication of a leak. If an increase 
in the ion current indicates the presence of a leak, the hydrogen hood is raised and 
suspected points on the tube are probed by a fine hydrogen jet until a further increase 
in the ion current indicates the exact location of the leak. When a leak is too small 



Fig. 77. Leak-detector tube involving use of palladium tube and ionization gauge 

(H. Nelson). 

to be located by the above method, increased sensitivity may be obtained by closing 
the stopcock S 2 before applying hydrogen to the tube under test. To obtain maxi- 
mum sensitivity, hydrogen may be allowed to diffuse through the leak in the tube 



Fig. 78. Arrangement for use on exhaust system of leak detector shown in Fig. 77. 
C * compression rubber port; G - hydrogen gauge; L « tube under test; P « pal- 
ladium; R — rubber port; SijS% stopcocks; T — liquid-air trap; and 

W » tungsten filament. 

under test with stopcocks j3i and S 2 both closed for a period of one or more minutes, 
after which stopcock Si is opened to allow the accumulated hydrogen to give indica- 
tion of leakage. 

^ Nelson has drawn attention to the fact that lack of sensitivity may be 
observed because of adsorption of oxygen on the palladium or because of 
the presence^of oil vapws in the space surrounding the tube. To avoid 
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the latter difficulty it is recommended that the hydrogen gauge should 
be removed before the trap is allowed to reach room temperature. 

With regard to the sensitivity of the detector, the following statement 
is made. 

During the period that the leak detector has been in use, leaks of widely different 
magnitude have been located. Leaks large enough to cause a vacuum tube to lose 
completely its vacuum in less than 24 hours after seal-off can usually be located in 
less than 2 or 3 minutes after the tube is put on the detector. Leaks of smaller 
magnitude require more time for their location but they can usually be found if they 
are large enough to cause a tube to lose its vacuum completely in less than two weeks 
after seal-off or if the rate of flow of hydrogen through the leak is greater than about 
1 • 10“"^ micron • liter per second. [This corresponds to about 0.36 micron • liter 
per hour.] 

An ionization gauge with helium has been found by the writer to be a 
very useful and convenient leak detector in factory practice. As pointed 
out in section 7, the sensitivity of the ionization gauge for helium is 
about one-sixth that for nitrogen (or air). If a gauge is connected to 
the exhaust system at some point between the origin of the leak and the 
vapor pump, it will indicate a pressure (in microns) of air, which is 
determined by the relation 

Q = -SPo, (1) 

where Q = rate of leak of air in, for instance, micron • liters • sec"*, and 
S = speed of exhaust in liters • sec~*. The value of Pq will obviously 
be higher than the ultimate pressure obtainable for a “tight” system. 
If, now, helium at atmospheric pressure is directed by means of a fine 
jet at the point where the leak is present, then the values of both Q and 
are increased in the ratio V 29/4 and therefore the absolute value of Pq 
is not affected. However, since this pressure is due to helium instead 
of air, the ion current is considerably smaller. 

If Q is very small, so that the stationary value of Pq is only slightly 
higher than it would be if no leak were present, the magnitude of Po may 
be increased, at constant value of Q, by closing the main stopcock to the 
pump and letting the evacuation take place through a smaller-diameter 
tube which is connected in parallel with the stopcock between the 
gauge and pump. 

Actual tests have shown that it is possible by means of this procedure 
to demonstrate the presence of leaks which correspond to about 0.2 
micron • liter per hour. One advantage of this meth^ is that a number 
of tubes may be connected to the same pumping system at the same 
time and it is then possible by means of the ionization gauge nnd a 
helium Jet to determine which particular tube or tubes leflV, Another 
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advantage is the fact that no time-lag is involved. The change in the 
value of the positive-ion current on replacing the air by helium occurs 
practically instantaneously. 

It should also be mentioned that replacing the helium by vapor of a 
volatile organic liquid such as ether or acetone causes an increase in the 
ion current over that observed with air. This observation is evidently 
in agreement with the results, mentioned in section 7, which have been 
obtained by Blears, and also in this laboratory, on the magnitudes of 
the positive-ion currents in the presence of organic vapors. 

A summary of vacuum testing methods in use before 1943, quoted 
from the paper by R. B. Jacobs and H. F. Zuhr,^^® is given in Table 7. 

In the first three methods the probe fluids were chosen to insure 
maximum sensitivity of the gauge indications. With increase in 
‘^tightness” of vacuum systems it became possible to replace the hot- 
wire gauge by one of the ionization type (method 4). The authors 
state, 

To obtain the ultimate sensitivity of these methods the dynamic method was dis- 
carded and one of the following methods adopted: (1) the ^‘backing space’’ technique, 
or (2) the apparent change in rate of pressure build-up jvhen probe gas displaces air 
flowing through the leak. Both methods achieve the improved sensitivity at the 
expense of an increase in testing time. 

Backing space is the name given to the process of multiplying the effect of the probe 
gas by permitting the diffusion pump to compress the gas into a dead volume. This 
is achieved by shutting the valve in the foreline leading to the mechanical pump. 
The method further requires judgment in the analysis of the signal indicated on the 
gauge controls. 

Furthermore the operation of this method requires highly trained 
personnel. In methods 7 and 8 the system has to be outgassed for a 
prolonged period. 

The most sensitive method for the detection of leaks^ and one which also 
gives an indication in a minimum of time, was developed during World 
War II.^®® It involves the use of a mass spectrometer with helium^^^'^ 
and the principle by which it operates may be described briefly as 
follows: 

When a beam of positive ions, accelerated by a potential F, is passed 
through a magnetic field of strength H, the ions are sorted out, according 
to their values of e/m, where m is the mass of the ion, and e the charge. 

J, Applied Phys,^ 18, 34 (1947). The original rates of leak, expressed in 
micron • cubic feet per hour, have been converted into micron • liters per minute 
(jd/m) by means of the conversion factor, 1 ^icf/h * 0.472 id/m, 

Jacobs and Zuhr, loc. cU. 

A. O. Nier, C. M. Stevens, A. Hustmlid, and T. A. Abbott, J. Applied Phys., 
18,30 (1947). 
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TABLE 7 

Resume of Vacuum Testing Methods in Use Prior to 1943 
(Jacobs and Zuhr) 


Leak Detector 

Oper- 

ating 

Range, 

microns 

Size of 
Leak 
Dis- 
cernible 

1 Commonly Used 
Probes 

\ Remarks 

1. Tesla coil 

50-1000 

/J/m 


Useful only on glass 
systems 

2. Discharge tube 

100-1000 


Acetone, methanol, 
CO 2 , H 2 

Residual gases con- 
fusing 

3. Hot-wire gauge 

<100 

4.7-470 

Acetone, methanol H 2 

Affected by pres- 
sure changes and 
residual vapor 

4. Ionization gauge 

<0.5 

0.47-47 ; 

Gaseous hydrocarbons, 
H 2 , O 2 

Affected by pres- 
sure changes and 
residual vapor 

5. Hot wire with 
backing space 

<100 

24-47 

Gaseous hydrocarbons, 
H 2 , O 2 

Time-consuming 

6. Ionization gauge 
with backing 
space 

<0.5 

• 

i 

0.5-47 

Gaseous hydrocarbons, 
H2,02 

Time-consuming 

7. Hot wire with 
pressure build- 
up 

<50 

0.5-47 

Gaseous hydrocarbons, 
H 2 , O 2 ; masking 
with vacuum putty 

Extensive outgas- 
sing required 

8. Ionization gauge 
with pressure 
build-up 

<0.5 

0.5-47 

Gaseous hydrocarbons, 
H 2 , O 2 ; masking 
with vacuum putty 

Extensive outgas- 
sing required 


The radius of curvature, /?, of the path of any given type of singly 
charged ion is determined by the relation 


R = 143.9 


Vmv 

1 

H 


( 2 ) 


where R is expressed in centimeters, V in volts, H in gauss, and M is the 
molar mass of the ion in grams. 

For example, for R = 4.0 cm and H = 1600 gauss, the values of V for 
helium {M = 4.003) and nitrogen (ilf = 14.008, since is formed), 
are found to be 434 volts and 124 volts, respectively. Thus, for a given 
value of the radius of curvature, the ions reaching a collector may be 
differentiated by varying the value of 7, and the magnitude of the ion 
current at any given voltage setting will depend on the concentration 
of the ions in the beam, that is, on the rate at which the corresponding 
molecules leak into the spectrometer. 
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For the detection of leaks helium has been chosen as testing gas for 
the following reasons: 

1. Because of the low value of M, the rate of diffusion through a leak 
is greater than that of any oth^r gas except hydrogen. 



Fig. 79. Sixty-degree mass spectrometer. The ions are repelled through the slit 
Si by a small positive voltage Av, and are accelerated between aSi and S 2 by the 
potential V. Helium ions sorted according to the value of R, the radius of curva- 
ture, enter the slit S 3 and are discharged on the collector plate, causing a positive 
current, /, to flow through the high resistance to ground. . 

2. Helium occurs in the atmosphere to the extent of only 1 part in 
200,000 parts of air. 

3. There is no possibility that an ion due to any other gas will give an 
indication that can be mistaken for helium. 

The application of the mass spectrometer to the detection of leaks has 
been described in two papers, one by W. G. Worcester and 
E* G. Doughty,.^®® and the other by H. A. Thomas, T. W. Williams, and 
J. A. Hipple.^®^ 

Tram. Am. Inzt. Elect. Engrz.t W, 946 (1946). 

Rev. Sci. InstrumenUt 17, 368 (1946); Weetinghovee Engineer, 6 , 108 (1046). 
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The type of spectrometer developed by the first-named investigators 
is best illustrated by Figs. 79 and 80. The positive ions, produced by 
ionization of gas molecules by means of electrons emitted from a hot 
tungsten filament, are accelerated by means of a potential of about 270 
volts applied to the slits aSi and S 2 (see Fig. 79) and deflected through 
an angle of 60° by the field of about 900 gauss due to a permanent 
magnet with trapezoidal pole pieces, which is inside the spectrometer 
tube.^°® For a given type of ion, the radii of curvature corresponding 



to different values of the accelerating voltage are represented by 722 , Rzy 
and 724. With the values of V and H given above, the value of 72 for 
helium ions is 5.25 cm, and, if the slit Sz is set for this value of 72, only 
helium ions will reach the collector, whereas all other types of ions will 
be deflected either to the right or left of the slit. 

The spectrometer tube the details of which are shown in Fig. 80 is of 
metal, and the first stage of the amplifier in the output circuit of the ion 
collector is mounted in the tube, ‘4n order to keep the high resistance and 
the grid connections dry to minimize leakage currents, to keep the leads 
as short as possible from collector plate to the grid of the first tube, and 

This design of spectrometer was based on that described by A.O.C. Nier, Rev 
Sci. InstrumerUSy 11, 212 (1940). 
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to provide electrostatic shielding for the input stage.^^ The other stages 
of the amplifier are mounted on the top part of the control panel, as 
indicated in the block diagram in Fig. 81 . 

Both the primary emission from the tungsten filament and the emis- 
sion in the ion gauge connected to the exhaust system are maintained at 


Battery 

charger 



fixed values by individual control circuits. The control circuit for the 
ion gauge is so arranged as to operate a relay whenever the pressure in 
the system exceeds a predetermined value. 

In the description of the pumping system it is stated that 

the vacuum in the leak detefctor is maintained by an oil diffusion pump with a cylin- 
drical Dry Ice trap. The speed of this combination is about 30 liters per second. 
The diffusion pump requires about 3 cc per second of tap water for cooling. By 
means of a thermal switch the diffusion pump heater is shut off if the flow of cooling 
water is not suflicient. Normal heater operation requires about 350 watts from a 
110-volt power line. The fore vacuum is obtained with a small mechanical vacuum 
pump. 
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Figure 82 shows a rear view of the assembled leak detector. 

A relatively simple arrangement for testing tubes for leaks is shown 
in Fig. 83. The test objects are first exhausted by the mechanical 
roughing pump (shown at the left), and when the pressure, as indicated. 



Fig. 82. Photograph showing rear view of commercial form of G.E. leak 
detector, using *^VMF^^ 100 vacuum pump. Door open. 


for instance, by a thermocouple gauge connected to the test manifold is 
sufficiently low the throttle valve to the spectrometer tube is opened. 
A fine jet of helium is passed over suspected parts in each of the tubes, 
and the presence of a leak is indicated on the portable output meter 
shown in Fig. 81 by a peak in the current at about 240 to 250 volts as 
the accelerating voltage is varied from 200 to 300 volts (see Fig. 84). 
According to the authors, 
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The sensitivity of the leak detector is such that it will detect the helium in normal 
air (1 part helium in 200,000 parts air). Under these conditions the partial pressure 
of helium in the leak detector is only 5 • 10“*^^ mm Hg, measured at the ion gauge 
tube. The quantity of helium flowing through the spectrometer tube is about 
1.5 • 10~® mm • liter per second. 

To test objects 



Fig. 83. Simple leak test manifold. 


This corresponds to about 5.4 • 10 ® micron • liter per hour, and the 
.sensitivity claimed for this detector is about 100 times that claimed for 



170 190 210 230 250 270 290 310 330 

Accelerating voltage 


Fig, 84. Typical helium spectrum from leak detector. 

the other types of detectors described above. In his own e^tperience the 
writer has found that leaks of the order of 0.05 micron • liter per hour 
can be quite readily detected by the instrument in a few minutes. 

The mass spectrometer used by Thomas, Williams, and Hipple^^ is 

^^^Loc.cU. 
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different in design. The beam is deflected through 180® and is pre- 
focused for helium. An external]Alnico magnet produces a field of about 
1540 gauss and the helium ions are accelerated by about 350 volts, 
corresponding to a value for R of 3.5 cm. A Philips ion gauge, such as 


Mass 

spectrometer n 



described in section 7, is used for monitoring the pressure in the spec- 
trometer tube. The magnetic field required for this purpose is obtained 
from the same magnet as that used to deflect the positive-ion beam. A 
diagram of the vacuum system used for the leak detector is shown in 
Fig. 85. The authors state that ^^the instrument can detect as little as 
1 part of helium in 400,000 parts of air at an operating pressure of 0.3 
micron of mercury.’^ 

According to Jacobs and Zuhr,^^ the values of the inherent sensitivity 
(ratio of probe gas to air detectable) for the differential Pirani gauge 
and the mass spectrometer are 1/3000 and 1/100,000, respectively. 
They also give the following data for the smallest leak detectable in 
vessels of volume V having a pressure build-up of 200 microns per hour: 


V 

cubic feet liters 

<1 <28.3 

10 283 

100 2,832 

1000 28,316 

hoc, cit. 


Smallest Leak Detectable 

micron • cu ft/hr 

micron • liters/hr 

<0.01 

<0.283 

0,02 

0.67 

0.2 

6.7 

2.0 

67. 
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Thus, for V between 1 and 10 cu ft, the smallest leak detectable varies 
from 0.01 to 0.02 micron • cu ft/hr, and similarly for the other ranges 
of values of V. 

Quite different in principle from all the other methods of leak detec- 
tion described above is that involved in the positive-ion detector for 
halogen compounds which has been described by W, C. White and J. S. 
Hickey.^®* 

Some of the earliest investigators in the field of thermionic emission, 
such as O. W. Richardson, had observed that platinum, even in air, at 
a temperature of a red heat, emits positive ions, and that the rate of 
ion emission increases with temperatures according to a relation similar 
to that observed for electron emission from incandescent cathodes.*®* 
This positive-ion emission is most probably due to the presence in the 
anode of salts of the alkali metals, although this may not be the correct 
interpretation of the mechanism of operation of the device described 
below. 

It was observed by C. W. Rice of the General Electric Company that 
this emission, at any given anode temperature, of positive ions in air is 
increased very markedly when vapors of compounds containing a halogen 
strike the electrode surface. This observation forms the basis of the 
detector developed and described by White and Hickey. 

A diagrammatic sketch of the device and simple circuit used for its 
operation are shown in Fig. 86a. The detector consists of a platinum 
cylinder, P, which is heated by an insulated platinum filament, F, the 
low voltage required for this purpose being supplied by the transformer, 
T. A metal cylinder, C, concentric with P, is connected through a 
microammeter (/iA) to the negative end of a d-c source of voltage 
(50-500 volts) while P is connected through the midpoint of the second- 
ary of T to the positive end of the voltage source. 

In using the device for detection of leaks, air or any other suitable 
gas containing a halogen vapor is introduced into the system at a posi- 
tive pressure. This positive pressure forces the air containing the halo- 
gen out through the leak where it may be picked up by the device and 
is indicated by the meter in the detector circuit, as shown in Fig. 866. 
Or the detector may be sealed on the vacuum system in series with the 
pump (preferably between the rough and the fine pqipps). Air con- 
taining a halogen vapor is forced under pressure through a very small 
jet and directed at any suspected spot in the system, and then is picked 
up by the detector. 

*>» Electronics, 31, 100 (1948). 

See discussion in Chapter 10, section^S, also referencee to literature given there. 
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In using the detector, the temperature of the anode should be between 
850® and 950® C. At lower temperatures, the positive-ion emission is 
too small, and at higher temperatures the emission becomes unstable. 
Typical halogen compounds, which are fairly volatile at room tempera- 
tures and therefore applicable in using the positive-ion detector, are 
“Freon,^' carbon tetrachloride, and chloroform. 



Fig. 86. (a) Diagrammatic sketch of design of thermionic detector for vapors of 

halogen compounds and electric circuits used in its operation. (6) Illustrating the 
application of the detector for location of leaks in a vacuum system. • 

Instead of a microammeter, as shown in Fig. 86o, an amplifier may 
be utilized, and under these conditions, according to White and Hickey, 
^‘the limit of sensitivity to small leaks is of the same order of magnitude 
as that obtained with the mass spectrometer.^' In practice, the '*therm- 
ionic halogen vapor detector," as it has been designated, has found appli-* 
cation in the production testing of refrigeration units, the mercury-arc 
rectifier, and a large number of similar leak-location problems. 




CHAPTER 7 


SORPTION OF GASES AND VAPORS BY SOLIDS 

1. ADSORPTION, ABSORPTION, OCCLUSION, AND SORPTION^ 

One of the most important problems in high-vacuum technique is the 
removing of gases and vapors which are present both on the surface and 
in the interior of glass walls and metal parts. The fact that charcoal 
and finely divided metals, after thorough evacuation, can take up 
considerable volumes of different gases and vapors has found applications 
in a great number of industrial processes. 

There are at least three mechanisms by which a gas or vapor may be 
taken up by a solid. The solid may actually react with the gas or vapor 
chemically. For example, phosphorus pentoxide (P2O6) removes 
water vapor by combining with it chemically to form phosphoric acid 
(H3PO4). This and similar types of ‘^clean-up” by chemical reaction 
will be discussed in Chapter 10 . 

There are, however, two physical mechanisms by which gas or vapor 
disappears in the presence of an evacuated solid. The gas may con- 
dense as a layer (having a thickness of one or more molecules) on the 
surface; this is known as adsorption. The gas may also enter into the 
interior of the solid in much the same manner as gas dissolving in a 

^ In connection with this and the following chapter the writer has made use of 
the following reference books. The abbreviations used for them are indicated in 
parentheses. 

1. S. Brunauer, The Adsorption of Gases and Vapors, Vol. I, Physical Adsorption, 
Princeton University Press, Princeton, N.J., 1943 (SB). 

2. J. W. McBain, The Sorption of Gases and Vapours by Solids, George Koutledge 
and Sons, London, England, 1932 (McB). 

3. S. J. Gregg, The Adsorption of Gases by Solids, Methuen’s Monographs on 
Chemical Subjects, D. Van Nostrand Company, New York, 1934 (JG). 

The last volume contains a rather compact but excellent summary of the topic. 
Reference 2 contains a great deal of detailed information on charcoal and silica gel, 
as well as other adsorbents. Reference 1 deals more with the theoretical aspects and 
with specific adsorbents only as they illustrate the theoretical deductions. 

Since the topic of adsorption is also of great importance in the interpretation of 
the effects of catalysts in chemical reactions, numerous r^erehoes to' the subject are 
to be found in the hterature on rates of chemical reactions, surface chemistry, and 
colk>ids. 

Data and references on the adsorption of gases are given in IrUemational Critical 
Tobies^ Vol. 3, pp. 26U-251, McGraw-Hill Book Company,, New York, 1928. 
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liquid; this is known as absorption. In many cases the gas taken up by 
the solid may be present in both conditions, or it is difficult to determine 
the exact nature of the mechanism involved. Consequently, the term 
sorption, introduced by J. W. McBain in 1909, is often used as a ‘‘non- 
generic” term, which includes both adsorption and absorption. Since 
the terms absorption and occlusion describe essentially the same phe- 
nomena, the latter term has been generally discarded. 

The solid which takes up the gas is known as an adsorbent; the gas or 
vapor removed from the gas phase is known as adsorbate. 

The process of removing gas from an adsorbent is ordinarily designated 
desorption. 

Materials differ widely with respect to their capacity for adsorbing 
gases and vapors. Table 1, taken from H. Freundlich^s book,^ compares 
the behavior of charcoal, meerschaum, and glass powder. 

TABLE 1 

Relative . Adsorption gp Gases by Three Adsorbents 

Volume Adsorbed at Pmm — 100 


Adsorbent 

Gas 

(cm®/g at 0° C and 760 mm) 

Wood charcoal 

CO 2 

24.9 


NHa 

95.1 


SO 2 

73.6 


CHsCl 

57.7 

Meerschaum 

NH3 

84.5 


SO 2 

24.3 


CH3CI 

27.1 

Glass powder 

CO 2 

1 


NH3 

9 


SO 2 

6 


As will be discussed more fully in the following sections, the sorptive 
capacity of any one adsorbent depends largely upon the extent of surface 
per unit mass. Since adsorption at low pressures is undoubtedly 
limited to a layer one molecule thick {monolayer), the amount actually 
adsorbed per unit mass of any adsorbent is much greater for porous 
substances such as charcoal, silica gel, and finely divided oxides and 
metals than for plane surfaces such as glass, mica, and smooth metal 
surfaces. 

Whereas absorption or true solution of gases in metals increases with 
increase in temperature, adsorption increases with decrease in tempera- 
ture, and, in general, the adsorption is greater at any given temperature 
for those gases that are more readily condensible or have the higher 
boiling points. 

^ KaptUarchemie, p. 97, Leipzig, 1909. 
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This is illustrated by the data in Table 2,® taken from a paper by 
W. Hene.^ 


TABLE 2 


Adsorption op Gases by Chabcoad 
(Volume per gram adsorbent, temperature 15° C) 



Volume 

Boiling 

Critical 

Gaa 

Adsorbed, cm® 

Point,® C 

Temperature’ 

COCI 2 

440 

+8.3®C 

182® C 

SO 2 

380 

- 10.0 

157.2 

CH 3 CI 

277 

-23.7 

143.1 

NHa 

181 

-33.35 

132.4 

H 2 S 

99 

-61.8 

100.4 

HCl 

72 

-83.7 

51.4 

N 2 O 

54 

-89.5 

36.5 

C 2 H 2 

49 

-88.5 

36 

CO 2 

48 

-78.5 

31.1 

CH 4 

16 

-161.5 » 

-82.5 

CO 

9 

-192 

-139 

O 2 

8 

-183 

-118.8 

N 2 

8 

-195.8 

-147.1 

H 2 

5 

-252.8 

-239.9 


* Values given in Handbook of Physics and Chemistry, 1946 edition. 

Similar observations have been made by other investigators. For 
instance, I. Langmuir’s® data on the adsorption of gases on mica and 
glass surfaces at low temperatures show that the order in which the 
different gases are adsorbed dh these surfaces is methane, carbon mon- 
oxide, nitrogen, argon, and oxygen — the first being adsorbed to the 
greatest extent. The order of the boiling points is methane, oxygen, 
argon, carbon monoxide, and nitrogen, the last having the lowest boiling 
point. 

In the present chapter, and in the following ones, the observations on 
sorption of gases and vapors by solids will be discussed from the point 
of view of their importance in high-vacuum technique. This neces- 
sarily means the omission of many of the topics which are discussed 
comprehensively in the three reference works mentioned above. The 
literature available on the subject is so extensive that it has been ex- 
tremely difficult to confine the discussion in this book to a reasonable 
limit. However, in view of the ready availability of the reference works 

*SB, p. 12 ; McB, p. 102. 

^ Dittertation, Hamburg, irai. 

J. Am: Chem. Soe., 40, 1361 (1918). 
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cited and numerous papers published in English and American journals, 
it is hoped that the summary presented here will prove both useful and 
stimulating. 


2. SOME TYPICAL ADSORPTION ISOTHERMS 


In order to investigate the sorption of a gas or vapor by a given 
adsorbent, a definite weight or area of the adsorbent is first of all desorbed 
at as high a temperature as practicable, in a good vacuum, in order to 
remove all adsorbed or absorbed gases. Then, while the adsorbent is 
maintained at a constant, known temperature, a definite volume of the 
adsorbate is introduced into the system and the decrease in pressure is 
noted when equilibrium is attained.® 

It is observed that there exists, in most cases, a definite relation 
between the volume (v in cubic centimeters) adsorbed per unit mass 
(or unit area) of adsorbent and the pressure (P), which can be expressed 
in the form 

v^fiP,T), 


where / is an algebraic function of the variables P and T. A plot of v 
versus P, at constant temperature, is known as an adsorption isotherm. 
From the isotherms at a series of temperatures, it is possible to plot 
adsorption isosteres, which give the variation of the equilibrium pressure 
with temperature for a constant amount of gas absorbed. The isosteres 
are thus analogous to vapor-pressure curves of liquids, and as in the 
case of the latter, the heat of adsorption (Qs) is given by the relation 




( 1 ) 


where Po is the gas constant per mole. 

From the isotherms it is also possible to plot isobars, which indicate 
the amounts adsorbed, at a series of temperatures, for a given constant 
pressure. Illustrations of both isosteres and isobars are given in the 
subsequent discussion. 

In the following section the form of the adsorption isotherm is dis- 
cussed for those cases in which the adsorbed gas forms a monolayer or, 
at most, a layer only a few molecules thick. Adsorption isosteres and 
heat of adsorption are discussed in subsequent sections. 

The data on the amount of adsorption are usually expressed in terms 

* For desorption of the methods used in obtaining sorptkm data see Werenees 
in footnote]. 
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of Vof the volume in cubic centimeters at 0® C and 760 mm (S.T.P.) per 
gram of adsorbent, or per square centimeter of smooth surface (glass, 
mica, metals). Some observers record their data in terms of V 20 , the 
volume per gram (or per unit area) at 20° C and 760 mm. Other inves- 
tigators have given the amounts adsorbed in terms of x, the mass in 
milligram per gram of adsorbent, or in terms of Nm^ the number (rf 
moles per gram. Tables 3 and 4 give the values of conversion factors 
which will be found useful in comparing data from different sources. 
The fifth column in Table 4 gives the number of molecules required to 
form a layer one molecule thick (unimolecular layer or monolayer), 
while 1^20 and vo give the values of the corresponding volumes in cubic 
centimeters at 760 mm and 20° C and 0° C, respectively. 

TABLE 3 

Conversion Factors for Amount Adsorbed 

V 2 Q = VO X 293.2/273.2 = 1.074vo. 

Vo = 0.9317 v2o* 

Q^l = number of micron • liters at <° C = 760v, 

where v « volume in cm® at 1 atm and C. 

Nm = Vo/22,415 = number of moles/g, 

= V2o/24,050. 

number of micromoles /g. 

X *= = mg/g, 

= voM/ (22.415) = V 20 M/ (24.060). 

ns * number of molecules adsorbed per gram, 

» 6.023 • 102®iyjif, 

* 2.687 • 10^®vo, 

= 2.504 • lO^So. 
vt » 1.3158 • lCr®0^i (at e°C). 


TABLE 4 

Number op Molecules per Monolatbr and Equivalent Volumes 


Gas 

M 

M/ (22.415) 

M/(24.050) 


10®V20 

10®vot 

Hi 

2.016 

0.0900 

0.08381 

15.22 

6.08 

6.67 

He 

4.003 

0.1790 

0.1664 

24.16 

9.66 

8.99 

A 

39.94 

1.7820 

1.661 

8.64 

3.41 

3.18 

Ni 

28.02 

1.250 

1.166 

8.10 

3.24 

3.02 

Oj 

32.00 

1.428 

1.330 

8.71 

3.48 

3.24 

CO 

28.01 

1.250 

1.166 

8.07 

3.23 

3.00 

COi 

44.01 

X.963 

1.830 

6.34 

2.13 

1.99 

CH. 

16.03 

0.7152 

0.6664 

5.23 

2.09 

1.96 

NH, 

17.03 

0.7697 

0.7078 

4.56 

1.82 

1.70 

HiO 

18.02 

0.8041 

0.7492 

6.27 

2.11 

1.96 


♦ Values of Ns taken from Table 1.6. Valuee for CO, CH4, and NHs were calcu- 
lated from the v^ues of ijo, 1.669 • l(r\ 1.022 • KT^, and 0.92 • 10^^ respectively, 
t To deduce values at 25° C, multiply the values giventn this column by 1.091. 
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Figure 1 shows adsorption isotherms for nitrogen on activated coconut 
charcoal, as observed by I. Homfray.^ Values of vo are plotted against 
P, the pressure in millimeters, for the range —78° C to 100° C. 



0 200 400 600 800 1000 

Pressure in millimeters of mercury 


Fio. 1. Isotherms for the sorption of nitrogen by coconut charcoal (Homfray). 

Figure 2 shows isotherms at low pressures for carbon dioxide on wood 
charcoal, as observed by A. Magnus and H. Kratz.^ Figure 3 gives the 
isotherms over a higher range of pressures. The ordinates give 
micromoles (10®iVAf) per gram of adsorbent, and the corre- 
sponding values of vo are indicated on the right-hand scale, (vo ~ 
0.02242 X micromoles.) 

» Z. pkynk. Chem., 74, 129 (1910); McB, p. 101, Fig. 28. 

» Z. afwrg. Chem., 184, 241 (1929). 
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P in millimeters of mercury 

Fig. 2. Isotherms for the sorption at low pressures of carbon dioxide by wood 
charcoal (Magnus and Kratz). 



Fio. 3. Isotherms for the sorption at higher pressures of carbon dioxide by wood 
charcoal (Magnus and Kratz). 
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Figure 4, taken from a more recent paper by M. H. Armbruster,® 
gives low-temperature adsorption isotherms for carbon monoxide, nitro- 
gen, and argon on smooth silver (area == 8002 cm^), while Fig. 5 shows 
plots of observations made by W. G. Frankenburg^^ on the adsorption 
of hydrogen on tungsten powder. From the latter set of measurements, 



Fio. 4. Isothenns for the adsorption of carbon monoxide, argon, and nitrogen on 
smooth silver at — 183° C and — 195° C (Armbruster). 

it was concluded that the “true saturation value” for the particular 
sample of powder used was 6.60 • 10“® mole hydrogen per gram (instead 
of 3.60 • 10^ as would follow from the isotherm for — 196“ C). Table 6 
gives the adsorbed amounts in percentage of this value as a function of 
the equilibrium pressures at various temperatures. 

It will be observed that in all cases the amount adsorbed at any 
given temperature increases more or less rapidly with increase in pres- 

» J. Am. Chem. Soc., 64 , 2646 (1942). 

1® J. Am. Chem. Soc., 66, 1827 (1944). 
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TABLE 6 

I 

Adsorption op Hydrogen by Tungsten Powder, Expressed as Per- 
centage OF Saturation Value 


Equilibrium 




Pmm 

0 

100 

200 

l-MT* 



4.4 

1 • io-‘ 

21.0 

16.6 

7.5 

1- 10-* 

23.6 

17.5 

10.0 

1 • 10"* 

26.5 

19.0 

12.0 

110-1 

29.5 

23.5 

16.0 

1 

33.0 

27.5 

20.6 

10 

38.0 

32.6 

26.6 


Temperatures, C 


300 

400 

600 

600 

700 

0.8 





3.3 

0.9 




4.6 

1.8 

0.6 



6.6 

3.1 

1.2 

0.4 

0.15 

10.0 

5.6 

2.4 

0.9 

0.5 

14.0 

9.5 

5.0 

2.4 

1.6 

20.0 

16.0 

10.5 

7.0 

4.6 


sure at very low pressures, then increases less rapidly at higher pressures 
and finally tends to reach a limiting value at still higher pressures. 
Furthermore, for the same equilibrium pressure, the amount adsorbed 
decreases with increase in temperature. These isotherms are qualita- 



Fig. 5. Isotherms for the adsorption of hydrogen on tungsten powder 
(Frankenburg). 

tively characteristic of almost all observations on adsorption over a 
range of pressures and temperatures at which the amount adsorbed does 
not exceed that corresponding to approximately a unimolecular layer. 
For cases of multimolecular adsorption the isotherms do not tend to 
flatten with increase in pressure but exhibit a more or less continuous 
increase in pressure up to a value P5, which corresponds to the satura- 
tion vapor pressure of the adsorbate at the given temperature. 

Although in the above discussion it has been implied that the amount 
adsorbed is a continuous function of the equilibrium pressure, there is 
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much evidence for the conclusion that the adsorption isotherm is ^^corn- 
posed of a series of intersecting curves or loops, so small that to a first 
approximation one continuous curve could be drawn right through them, 
with the experimental points lying distributed somewhat irregularly 
about it.”^^ 

Such discontinuities were first observed by A. J. Allmand and R. 
Chaplin^^ in measurements on the sorption of carbon tetrachloride by 
charcoal. Subsequent observations by Allmand and L. J. Burrage^^ 
on the sorption of both water and carbon tetrachloride by charcoal 
confirmed the earlier results. 

Similar evidence of discontinuities has been obtained by A. F. Benton and T. A. 
White^^ on quite a different type of system — ^hydrogen on Ni at — 191®, and hydrogen 
on copper at — 183®. Otherwise, their existence does not seem to have been noted 
by other workers. Up to the present, no satisfactory explanation of the phenomenon 
has been forthcoming.^® 


8. PARABOLIC AND HYPERBOLIC EQUATIONS FOR ADSORPTION 

ISOTHERM 

A number of algebraic expressions have been deduced by different 
investigators to describe the variation (at constant temperature) in 
amount adsorbed with the pressure. A review of these different rela- 
tions is given in the following remarks. 

Parabolic Adsorption Isotherm. In 1909 H. Freundlich^’^ proposed 
the semiempirical relation 

p = (1) 

where k and n are constants that depend upon the nature of both 
adsorbent and adsorbate and also upon the temperature. This relation 
is usually expressed in the form 

log v = log fc + ~ log P, (2) 

n 

so that a plot of log v versus log P should yield a straight line, the slope 
i^JG,p. 6. 

i^Proc. Roy, Soc. London, A, 129, 235 (1930). 

/. Phys. Chem., 36, 1692 (1931). 

See also A. J. Allmand, L. J. Burrage, and R. Chaplin, Tram, Faraday Soc,, 28, 
218 (1932). 

/. Am, Chem, Soc,, 62, 2326 (1930); 68, 2807, 3301 (1931). 

JO, p. 7. 

KajkUarckemie, Vol. I, pp. 163-172, Leipzig, 1930. 
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of which gives the value of n in accordance with the relation 

d(logP) n‘ 

In all cases n is greater than or equal to unity. Figure 6 shows plots 
of log Nm versus log P for the isotherms plotted in Fig. 5. Table 6, 
taken from the paper by Frankenburg (see Table 6), gives values, for 
a series of temperatures, of the slope (d log P/d log JVm) for two tungsten 



Fig. 6. Log-log plots of isotherms shown in Fig. 5. 


powders. The values given in the second and third columns were 
obtained for total amounts adsorbed greater than 0.8 per cent of the 
saturation value; the values in the last column were obtained for 
adsorptions less than 0.8 per cent of saturation. (The values plotted 
in Figs. 6 and 6 are for powder 9798.) 

TABLE 6 


Values op n for Adsorption of Hydrogen by Tungsten Powder 


Temperature, ® C 

Powder 9798 

Powder 9799 


-194 

(67.4) 

Not measured 


-73 

24.1 

Not measured 


0 

16.85 

16.41 


100 

10.88 

10.74 


200 

7.80 

7.36 


300 

5.80 

5.40 


400 

4.04 

4.30 

2.02 

500 

3.08 

3.04 

2.04 

600 

2.30 

2.32 

1.08 

650 

2.09 

2.23 

2.00 

700 

1.85 

1.85 

2.06 

750 

1.71 

1.73 

2.03 
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Another illustration of the application of equation 1 is shown in the 
plots in Fig. 7, of observations on the adsorption of nitrogen on different 
surfaces of steel, which were made at low temperatures and quite low 
pressures by M. H. Armbruster and J. B. Austin.^® The steel used was 
in the form of strips, and the total areas were 11,130 cm^ and 24,680 cm^, 
for samples 2 and 3, respectively. In the plots the amounts adsorbed 



Fig. 7. Log-log plots of volume versus pressure for the adsorption of nitrogen on 
steel (Armbruster and Austin). 

are expressed in terms of atm • cm^ at 20® C. As the investigators 
point out, 

These data yield a straight line over the 200 fold pressure range, 0.001 to 0.20 mm; 
moreover, the several lines are substantially parallel, with a slope corresponding to 
a value of n of about 4. A similar plot of the data for argon yields an analogous set 
of parallel straight lines with a slope corresponding to a value of n of about 3. 

As Brunauer points out,^® 

In general a large number of the experimental results in the field of van der Waals 
adsorption^® (and even in chemisorption) can be expressed by means of theFreundlich 
equation in the middle pressure range. A still larger number cannot be expressed 
satisfactorily. Where the equation is obeyed, it can be used as an interpolation 
formula. 

/. Am. Chem. Soc. 66, 159 (1944). 
i®SB, p. 67. 

The terminology indicates that the forces between gas molecules and atoms on 
the surface of the adsorbent are of the same nature as those leading to deviations 
from the ideal-gas laws for gases at high pressures. Heats of evaporation and of 
adsorption constitute a measure of the magnitudes of these forces. (See section 7.) 
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As an example of this Brunauer cites the observations of K. Peters 
and K. Weil^^ on the adsorption of argon, krypton, and xenon on char- 
coal. The adsorption isotherms for different temperatures are shown in 



0 5 10 15 20 25 30 35 40 

P in millimeters of mercury 

Fig. 8. Isotherms for adsorption of argon, krypton, and xenon 
on charcoal (Peters and Weil). 

Fig. 8, while Fig. 9 shows the plots of log vq (cm^, S.T.P.) versus log Pmm* 
The values of k and 1/n for the three gases are given in Table 7 (where 
k = cmV(nim)^^^). 

TABLE 7 


Adsorption Constants of Rare Gases (per Gram Charcoal) 



T « 

193 

T - 

266.2 

T * 273.2 

Gas 

k 

1/n 

k 

1/n 

k 1/n 

Argon 

0.600 

0.960 

(0.0764) 

(1.0) 

(0.0681) 1.0 

Krypton 

2.927 

.711 

(0.497) 

(0.886) 

0.340 1.0 

Xenon 

16.99 

.674 

2.468 

0.692 

1.683 0.77 


As will be observed, the value of k for any one gas decreases with in- 
crease in temperature, while the value of 1/n increases and ultimately 
reaches the value unity. For different gases, the values of k increase in 

« Z. physih Chem,, A, li8, 1 (1930). 
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general, and those of 1/n decrease, with rise in boiling point, as shown 
by the data in Table 8^^ (where k = cm^/(mm)^^"‘). 

A similar conclusion has been drawn by Langmuir, as mentioned 
previously, from his observations on the adsorption of a number of 



Fig. 9. Log-log plots of isotherms shown in Fig. 8. 


TABLE 8 


Adsorption Constants op Gases on Coconut Charcoal 
(1 g of adsorbent at 0® C) 


Gas 

k 

1 /n 

Boiling Point, ®C 

N 2 

0.26 

0.87 

-195.8 

CO 

0.66 

.76 

-191.6 

A 

0.22 

.88 

-185.7 

CH4 

2.69 

.66 

-161.6 

C 2 H 4 

23.7 

.23 

-103.9 

CO 2 

8.25 

.63 

- 78.6 


** H. Freundlich, op. cit.j p. 170. 

2® /. Am. Chem. Soc., 40, 1361 (1918). 
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gases on mica and glass surfaces at low temperatures. If the gases are 
arranged in order, according to the amounts required to saturate the 
surface, it is found that this order is the same as that of the boiling 
points. 

For n = 1, the amount adsorbed varies directly as the pressure. A 
similar relation has been observed to apply to the solubility of gases in 
liquids; it is known as Henry’s law.^* As will be shown in the sub- 
sequent discussion there is considerable evidence that for many cases 
of adsorption the linear relation between v and P applies at very low 
pressures. Figure 2 shows that, in the sorption of carbon dioxide by 
coconut charcoal at 0° C and higher temperatures, Henry’s law is valid 
in the range of a few millimeters pressure. Table 9 gives average values 
of the ratio IQ^NM/Pmm (micromoles/g/mm) and the upper values of 
Pmm at which the ratio begins to decresise below the value in the table 
(as shown in Fig. 3). 


TABLE 9 

Appucation of Henry’s Law to Adsorption op Carbon Dioxide on 



Charcoal 

Approximate 

ec 


Upper Limit of Pmm 

0 

47.11 

0.7 

25 

14,13 

1.7 

50 

6.445 

3.0 

100 

1.389 

11.8 


* Values given by Magnus and Kratz, loc. cU. 

Similar illustrations of the applicability of Henry’s law have been 
observed by H. H. Lowry and S. 0. Morgan^® in the adsorption of 
nitrogen on graphite at 56.7° C and 100° C. Other isotherms of the 
same nature have been mentioned by S. J. Gregg.*® In general, how- 
ever, the amount adsorbed increases fairly rapidly with pressures at low 
pressures and then flattens off gradually at higher pressures. This is 
especially true when charcoal and fine metallic powders are the adsor- 
bents. On the other hand, with the gels of silica and similar oxides, the 
isotherm tends to resemble the form demanded by Henry’s law. 

Hyperbolic Adsorption Isoffierm. While the parabolic equation is to 
a large extent empirical in origin, I. Langmuir developed a conception 
of adsorption phenomena which led not only to the formulation of an 

Proposed by William Henry (1803-1806). 

»*/. Phys. Chem., 29, 1106 (1926). 

**JG, p. 3. 
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extremely important relation for the adsorption isotherm but also to a 
logical interpretation of the nature of the forces existing at the surfaces 
of solids and liquids. 

Because of the fundamental importance of Langmuir^s views, we 
quote at length from the original paper, in which these new ideas were 
set forth in detail: ^ 

During the year 1914, in connection with studies of electron emission and chemical 
reactions at low pressures, I became much interested in the phenomena of adsorption, 
and developed a theory which has been strikingly verified by a large number of 
experiments carried out since that time. According to this theory there is an abrupt 
change in properties in passing through the surface of any solid or liquid. The atoms 
forming the surface of a solid are held to the underlying atoms by forces similar to 
those acting between the atoms inside the solid. From Bragg’s work on crystal 
structure and from many other considerations we know that these forces are of the 
type that have usually been classed as chemical. In the surface layer, because of 
the asymmetry of the conditions, the arrangement of the atoms must always be 
slightly different from that in the interior. These atoms will be unsaturated chemi- 
cally and thus they are surrounded by an intense field of force. 

From other considerations, I was led to believe that when gas molecules impinge 
against any solid or liquid surface they do not in general rebound elastically, but 
condense on the surface, being held by the field of force of the surface atoms. These 
molecules may subsequently evaporate from the surface. The length of time that 
elapses between the condensation of a molecule and its subsequent evaporation 
depends on the intensity of the surface forces. Adsorption is the direct result of 
this time lag. If the surface forces are relatively intense, evaporation will take 
place at only a negligible rate, so that the surface of the solid becomes completely 
covered with a layer of molecules. In cases of true adsorption this layer will usually 
be not more than one molecule deep, for as soon as the surface becomes covered by a 
single layer the surface forces are chemically saturated. Where, on the other hand, 
the surface forces are weak the evaporation may occur so soon after condensation 
that only a small fraction of the surface becomes covered by a single layer of adsorbed 
molecules. In agreement with the chemical nature of the surface forces, the range 
of these forces has been found to be extremely small, of the order of lO"”® cm. That is, 
the effective range of the forces is usually much less than the diameter of the 
molecules. The molecules thus usually orient themselves in definite ways in the 
surface layer since they are held to the surface by forces acting between the surface 
and particular atoms or groups of atoms in the adsorbed molecule. 

On the basis of this conception of the nature of the forces acting in 
adsorption, it follows that the material adsorbed on the surface will 
rarely exceed that contained in one layer of molecules (a monolayer), 
and the relation developed by Langmuir for the adsorption isotherm 
forms a logical consequence. He remarks, 

J, Am, Chem. Soc.y 40, 1361 (1918). A review of the theory and further ex-, 
perimental evidence for the adsorption of gases on metals as monatomic films are 
also given in the extremely important paper, ‘‘Surface Chemistry,” Chem. Revs., 18, 
147 (1933). 
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The plane faces of a crystal must consist of atoms forming a regular plane lattice 
structure. The atoms in the cleavage surface of crystals like mica are those which 
have the weakest stray fields of force of any of the atoms in the crystal. It is probable 
that in mica the hydrogen atoms cover most, if not all, of the surface, since hydrogen 
atoms when chemically saturated by such elements as oxygen possess only weak 
residual valence. In the case of gla,/3S, and other oxygen compounds like quartz or 
calcite, the surface probably consists of a lattice of oxygen Srtoms. The surface of 
crystals thus resembles to some extent a checkerboard. When molecules of gas are 
adsorbed by such a surface these molecules take up definite positions with respect to 
the surface lattice and thus tend to form a new lattice above the old. A unit area 
of any crystal surface, therefore, has a definite number of ^'elementary spaces,'’*® 
each capable of holding one adsorbed molecule or atom. In general, these elementary 
spaces will not all be exactly alike. There will frequently be cases where there are 
two or three different kinds of spaces. For example, in a mica crystal it may be that 
both oxygen and hydrogen atoms, arranged in a regular lattice, form the surface in 
such a way that different elementary spaces are surrounded by different numbers or 
arrangements of atoms. In Fig. 10 is given a conceivable arrangement of oxygen 
and hydrogen atoms in a surface lattice : 

H O H H O H 
H H O H H O 
O H H O H H 
H O H H 0 H 
H H O H H 0 
O H H O H H 

Fig. 10. Probable arrangement of oxygen and hydrogen atoms in a surface lattice 

of mica (Langmuir). 

If the adsorbed molecules take up positions over the centers of the square formed 
by four of the surface atoms, it is seeii from this diagram that there are two kinds of 

HO HO 

elementary spaces, those represented by jj jj those represented by q jj • For 

each of the latter there are two of the former kind of space. In case the adsorbed 
atoms arrange themselves directly above the surface atoms, there would still be two 
kinds of elementary spaces. From considerations of this kind we see that a crystal 
surface may have spaces of only one kind, or may have two, three, or more different 
kinds of spaces representing definite simple fractions of the surface. 

Each kind of elementary space will, in general, have a different tendency to adsorb 
gases. As the pressure of gas is increased the adsorption will then tend to take place 
in steps, the different kinds of spaces being successively filled by the adsorbed mole- 
cules. The quantities of gas adsorbed in the different steps should in general bear 
simple stoichiometric ratios to each other. For example, suppose adsorption takes 

H O 

place more readily in the spaces represented by ^ ^ in Fig. 10 than in the spaces 

HO HO 

g • Then the first step in the adsorption will be to saturate the q ^ spaces 

H O 

and in the second step the ^ spaces will be saturated. Since there are twice as 
Subsequently designated by Langmuir as '‘sites.” 
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many of the second kind as of the former, the second step will represent just twice as 
much* gas as the first step. When different gases are adsorbed alternately by the 
same crystal surface the maximum amounts of gas adsorbed will often be related in 
a simple stoichiometric manner. Thus, if each elementary space holds one adsorbed 
molecule, equal volumes of different gases will be adsorbed. It may, however, 
happen that two or three molecules of one gas can occupy a space previously occupied 
by a single molecule of another gas. In this case the maxi mum ^ volumes adsorbed 
will bear the relation 1 : 2 or 1 : 3. Where more than one molecule can occupy a 
single elementary space the forces holding the successive molecules will usually differ. 
Thus the first molecule may be held by a strong force, but when the space is shared 
by a second molecule the force holding each of the two may be much weaker. This 
will lead to a tendency for the adsorption to occur in steps just as though there were 
several kinds of elementary spaces. On the other hand, it may sometimes happen 
that the forces holding each of two molecules may be greater than the force holding 
a single one. Adsorption would then not occur in steps, but according to laws quite 
different from those where only one molecule occupies an elementary space. 

The molecules of many gases will be so large that they cannot occupy adjacent 
elementary spaces on the crystal surface. This may cause one-half or a third of the 
elementary spaces to be occupied, in which case stoichiometric relations might still 
exist. It may happen more often that molecules are only slightly too large for 
the elementary spaces so that they occupy adjacent spaces only by crowding each 
other. Phenomena of this kind are very familiar to organic chemists, under the 
name ^^steric hindrance.’' This crowding of the molecules may, in many cases, com- 
pletely obliterate the stoichiometric relations that would otherwise occur. The 
effect of steric hindrance will be to make it difficult to saturate the surface with any 
adsorbed substance. The exact fraction of the elementary spaces which may be 
filled will depend on a large number of factors such as the shape and elastic properties 
of the molecules and their mobility on the surface. 

With amorphous substances like glass, the surface atoms are probably not arranged 
in a regular lattice formation. There will, therefore, be an indefinite number of 
different kinds of elementary spaces. We should not expect the adsorption to occur 
in steps representing stoichiometric proportions of gas.' The number of elementary 
spaces may, however, be quite definitely determinable so that the maximum amounts 
of different gases adsorbed may still stand in stoichiometric relations. 


At any given pressure the number of molecules striking unit area 
per second is given by the relation 


P^b ^ 3.513 • lO^^P, 

V 2TmkT VMT 


( 4 ) 


where the value of c depends on the unit of pressure. 

Let a = fraction of molecules incident on surface that condense, and 
let M = number of adatoms^^ evaporating per square centimeter per 
second. 

**A designation introduced subsequently by J. A. Becker and Langmuir for 
adsorbed atoms or molecules. 
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At equilibrium, 

av = ix. (5) 

Let (Ti = total number of “elementary spaces,” or sitesj available for 
adsorption, and let a = number of adatoms per square centimeter at 
pressure P. 

Assuming that a single adatom can occupy one site, then the fraction 
of surface covered at equilibrium is given by 


9 = (6) 

Let us assume also that (1) “the adsorption sites are all identical and 
(2) the potential energy of an adatom in a site is independent of the 
presence of adatoms in other sites; in other words, the adatoms in 
separate sites exert no forces on one another.” Then 


M = (7) 

where /ii is the rate of evaporation for a completely covered surface. 
Also, 

av = aov{l — ^), (8) 


where ao is a coefficient of the order unity. Hence, at equilibrium, 

me = aoKi - e) (9) 


or 


while 


It follows that ■ 


9 ^ a^v 

1 _ Ml + Q^qV 

1 - ^ MO 


Ml + «oy 


( 10 ) 


is the equation for the adsorption isotherm. 
Let 


Ml 

where c is defined by equation 4. 


( 11 ) 


*®L Langmuir, J. Chem. Soc., IMO, 511; the Seventeenth Faraday Lecture, 
entitled “Monolayers on Solids.” 
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Since mi is a function of the temperature, it follows that 6 is a constant 
for any given temperature. 

Then equation 10 takes the form 


0 = 


hp 

1 + bP 


= 6 



(12o) 

(126) 


This is the equation of a rectangular hyperbola, hence the designation 
“hyperbolic” isotherm. 

From 12a it follows that 

e = bP{l - $). (13) 


It is more convenient to write the equation for the isotherm in terms 
of V, the volume adsorbed, or x, the amount adsorbed. Let v, and x, 
denote the maximum values, when the surface is completely covered. 
Then 


d 


and equation 13 becomes 


V = 


(-f> 

(14) 

\ Xe/ 

vj)P 

1 + 6P’ 

(15) 


which may also be written in the form®^ 


P = 



(16) 


In order to test the validity of the hyperbolic equations for any series 
of adsorption data, it is convenient to write equation 16 in the form 


V bVf V, 


(17a) 


or 


i.i-.i + i. 

V bv, P Vt 


(176) 


That is, a plot of P/v versus P should yield a straight line, the slope 
of which corresponds to l/v„ while the intercept on the ordinate axis for 
P = 0 is equal to 1/ (bv,). 

“ This is the expression used, for instance, by W. G. Frankenburg, J. Am. Chem. 
Soc., 66, 1838 (1944). 
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As an illustration of this conclusion, Fig. 11 shows such plots, from 
the paper by M. H. Armbruster, of the isotherms shown in Fig. 4 above. 

It also follows from the last equation that a plot of Xjv versus 1/P 
should yield a straight line, which is another method of expressing the 
equation for a rectangular hyperbola. 



Pressure in millimeters 


Fig. 11. Isotherms shown in Fig. 4 plotted as PmwA versus Pn»m. 

Equation 16 shows that a straight line should also be obtained by 
plotting vjP versus v. In that case, the intercept on the ordinate axis 
for z; = 0 is equal to while the slope is equal to —6. 

It is evident that for very low pressures, where bP ^ I and $ is ex- 
tremely small (v very much less than t;,), 

V = vJ)P. (18) 

That is, the amount adsorbed is proportional to P, and the adsorption 
therefore obeys Henry's law. 

It will be noted that, in the above equations, b has the reciprocal 
dimension of the pressure, while v and v* must be expressed in the same 
units of voliune or mass. 

As a further illustration of the application of the hyperbolic equation, 
Table 10 gives equilibrium values of v and P^6 observed by Langmuir®^ 
for the adsorption of nitrogen on mica at 90^ K. 

These values are plotted in curve A, Fig. 12, which is the correspond- 
ing isotherm. From the linear plot, B, of Pfib/v versus and the other 
linear plot, C, of v/P^a versus v, the values t/, = 38.9 • KT"® cm® and 

“ loc. cii., table VII, p. 1388. 
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b = 0.166 microbar ^ were deduced by Langmuir in the manner indi- 
cated above. 


0 4 8 12 16 20 24 28 32 36 40 44 48 



Fig. 12. Adsorption data for nitrogen on mica at — 183® C plotted (A) y in atm • cm® 
versus Pf^b, (B) P^b/v versus Pf^b, and (C) v/Pftb versus v. 


He also showed that the hyperbolic equation was in good agreement 
with similar measurements of the adsorption of methane, carbon 
monoxide, argon, oxygen, and carbon dioxide on mica at 90® K and 
165® K and on glass surfaces at 90° K. 
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TABLE 10 

Adsorption of N 2 on Mica at 90® K 



10*1^20 

lO “^ Pnb / v 2 Q 

P yijb 

10^0 

l(Jr^P^h/v2o 

34.0 

33.0 

1.028 

6.1 

19.0 

0.321 

23.8 

30.8 

0.773 

5.0 

17.0 

.294 

17.3 

28.2 

0.614 

4.0 

16.1 

.265 

13.0 

26.5 

0.610 

3.4 

13.4 

.264 

9.6 

23.9 

0.398 

2.8 

12.0 

.233 

7.4 

21.6 

0.343 





In subsequent sections more detailed discussion will be given of these 
results as well as of the observations on the sorption of several gases by 
coconut charcoal made by I. Homfray,^® A. Titoff,^^ and L. B. Richard- 
son,^® all of which, as has been shown by H. Zeise,^® may be represented 
very satisfactorily by the hyperbolic equation. 

The hyperbolic equation has been derived on the basis of thermo- 
dynamical considerations by M. Volmer,®^ and by statistical mechanics 
methods by R. H. Fowler^® and a number of other investigators, the 
most recent of whom are K. J. Laidler, S. Glasstone, and H. Eyring.®® 

It is of interest to quote the summary of Fowler’s derivation as given 
by Brunauer.'*® 

Fowler emphasizes the fact that the original kinetic derivation is apt to obscure 
the essentially thermodynamic character of the [Langmuir] equation and may lead 
to the erroneous belief that the form of the equation depends on the mechanism of 
condensation and evaporation of the adsorbed molecules. As a matter of fact, it 
depends only on the entire set of states, adsorbed and gaseous, that are accessible 
to the molecules at equilibrium. The statistical derivation is based on three assump- 
tions: (1) the molecules of the gas are adsorbed without dissociation to definite 
points of attachment on the suiff^ of the adsorbent; (2) each point of attachment 
can accommodate one and only one adsorbed molecule; and (3) the energies of the 
states of any adsorbed molecules are independent of the presence or absence of any 
other adsorbed molecules on neighboring points of attachment. These assumptions 
are similar to those of Langmuir. The first assumption, although not stated, is 
implied in the kinetic derivation. When dissociation occurs, the form of the Lang- 
muir equation is different from equation 15.^^ The second assumption corresponds 
to^Langmuir’s assumption of unimolecularity, embodied in equation 8. The third 
corresponds to the assumption of no interaction between adsorbed molecules. 

pkysik. Chem., 74, 129 (1910). 

Z. phyaik. Chem., 74, 641 (1910). 

«« /. Am. Chm. Soc., 89, 1829 (1917). 

phyHk. Chem., A, 186, 385 (1928), A, 188, 289 (1928). 

Z. phymk, Chem.. 253 115, (1925). 

Proc. Cambridge Phil. Soe.; 81, 260 (1935); 32, 144 (1936). 

•• /. Chm. Phye., 8 , 669 (1940). 

SB, pp: 66-07. 

See subsequent discussion. 
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This, as mentioned already, leads to equation 15. 

Langmuir also showed that the same considerations as those used in 
deriving the hyperbolic equation lead to modifications of this equation 
in special cases. 

One such case is that in which the surface contains several kinds of 
elementary spaces or sites. Let vi, v^, etc., denote the maximum values 
of the adsorptions for each of these varieties of sites. Then the expres- 
sion for the isotherm is 

P 1 + biP'^ l + biP'^* 
where 6i, 62, etc., refer to the different types of sites, and 

t'l + *>2 + • • • = i'». (20) 

Another very important case is that in which the molecules are 
adsorbed as atoms. Langmuir writes. 

In the cases considered above, molecules of adsorbed substance have acted as 
indivisible units; that is, when a molecule evaporated from the surface it contained 
the same atoms as when it was first adsorbed. There is good evidence that the forces 
which hold adsorbed substances act primarily on the individual atoms rather than 
on the molecules. When these forces are sufficiently strong, it may happen that 
the atoms leaving the surface become paired in a different manner from that in the 
original molecules. 

For example, consider the adsorption of a diatomic gas such as oxygen on a metallic 
surface. Let us assume that the atoms are individually held to the metal, each 
atom occupying one elementary space. The rate of evaporation of the atoms is 
negligibly small, but occasionally adjacent atoms combine together and thus nearly 
saturate each other chemically, so that their rate of evaporation becomes much 
greater. The atoms thus leave the surface only in pairs as molecules. Starting 
with a bare surface, if a small amount of gas is adsorbed, the adjacent atoms will 
nearly always be the atoms which condensed together when a molecule was adsorbed. 
But from time to time two molecules will happen to be adsorbed in adjacent spaces. 
One atom of one molecule and one of the other may then evaporate from the surface 
as a new molecule, leaving two isolated atoms which cannot combine together as a 
molecule and are therefore compelled to remain on the surface. WTien a stationary 
state has been reached there will be a haphazard distribution of atoms over the 
surface. The problem may then be treated as follows: 

Let 0 be the fraction of the surface covered by adsorbed atoms, while (1 — is 
the fraction which is bare. In order that a given molecule approaching the surface 
may condense (and be retained for an appreciable time) on the surface, two particular 
elementary spaces must be vacant. The chance of one of these spaces being vacant 
is (1 — d); that both shall be vacant is (1 — 0)^, The rate of condensation is thus 
equal to ao^il 0)^. Evaporation only occurs when adsorbed atoms are in ad- 
jacent spaces. The chance that an atom shall be in a given space is 0. Therefore, 
the chance that atoms shall be in adjacent spaces is proportional to 0^. The rate of 
evaporation of molecules fiK)m the surface is therefore equal to where, as before, 
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/ii is the rate of evaporation from a completely covered surface. For equilibrium we 
then have the condition 


a!o»'(l — 0)^ = 

(21) 

This leads to the relations 




e - 

1 + vw 

(22) 

and 



(23) 

^ -ss • 

1 -f- V'6P 


Thus [as Langmuir states], in this case, even at relatively low pressures, the total 
amount of adsorbed gas varies in proportion to the square root of the pressure. If 
three instead of two elementary spaces are occupied by the atoms of each molecule, 
then the square root relation expressed by equation 23 becomes a cube root relation. 

Hence the last equation may be expressed in the more general form 

v.ibpyi” 

" 1 + 


where n ^ 1, and this can also be written 

= 6 P (1 - e)\ 


(25) 


For small values of 6, this evidently becomes identical in form with the 
Freundlich equation 1. 

By analogy with the hyperbolic equation (for which n = 1), it is 
evident that, for the purpose of testing the validity of equation 24, it 
may be expressed in the two alternative forms: 


or 


pHn j pl/n 


V Cl C2 

^^kt- ksfi, 


(26) 

(27) 


where n, and the constants ci, C 2 , hi, and hi, are determined from the 
slopes and intercepts on the axis of ordinates, for the linear plots. 

While the hyperbolic equation has been shown by a number of 
investigators to be in good agreement with the observations on adsorp- 
tion, difficulti^ have arisen in reconciling the actually derived values of 
the constants v, and b with the ph 3 rsical significance attached to them 
by Langmuir. 

As an illustration. Table 11 shows the values of the constants & and 
vj A (where A - total area of surface), as deduced by Langmuir from 
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the adsorption isotherms observed by him. From these isotherms, 
the number of molecules per square centimeter at saturation have been 
calculated by means of the relation 

<Ti = 2.504 • 10*® ^ • (28)^® 

A 

\ 

On the other hand, the total number of molecules per square centi- 
meter required to form a completely covered unimolecular layer is given 
by the relation (see Chapter 1, equation 8.43) 

N, = 1.1647r'®, (29) 

0 

where 5, the molecular diameter, has been deduced from the values of 
the coefficient of viscosity. These values for a number of gases are given 
in Table 4 above. 

Therefore, the ratio 

fi 
AT, 

gives the fraction of the total surface covered. As will be observed 
from Table 11, the values of this ratio deduced from Langmuir^s observa- 
tions are considerably less than unity for all the cases investigated except 
for methane at 90® K and for carbon dioxide at 165® K. 

Similar conclusions have been deduced by Armbruster and Austin^^ 
from their observations on the adsorption of gases on smooth surfaces 
of steel, some of which are plotted in Fig. 7 above. The ratio of the 
value of Vs, as derived from the Langmuir equation, to the value of Vs 
for nitrogen at — 183® (which would correspond to a complete mono- 
layer) exceeds unity in only a relatively few cases. A large number of 
investigations have led to the conclusion that in general the observed 
value of Vs corresponds to a complete monolayer only at very low tem- 
peratures and that, at higher temperatures, the amount adsorbed cor- 
responds to an incomplete monolayer.^® 

However, as may be observed from the data in Table 11, the values 
of Vs (or a) for the different gases vary over a much greater range, for 

The number of molecules per cubic centimeter at 760 mm and 20® C is 
2.604 • 10^®. 

The values given in Table 11 are different from those derived by Langmuir 
because of the difference in values of iV, used in the calculation. 

J, Am. Chem. Soc., 66, 169 (1944). 

Another illustration of this conclusion is given by Armbruster and Austin, /. 
Am. Chem. Soc., 60, 467 (1938), based on their observations on the adsorption of 
gases on plane surfaces of mica. 


( 30)^3 
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TABLE !!♦ 


Values of Adsorption Constants in Hyperbolic Equation Deduced by 
Langmuir from Isotherms 



A. 

Adsorption 

on Mica at 90^ K 



Gas 

b (microbar~^) 

10\/A 

10r^*^cri 

a 

lOVit 

N2 

0.086 

66.5 

0.142 

0.175 

2.29 


.156 

67.6 

.169 

0.209 

5.08 

CH4 

.107 

169. 

.423 

0.809 

6.61 


.168 

214. 

.536 

1.02 

13.00 

CO 

.66 

100. 

.261 

0.391 

30.96 

A 

.065 

62.2 

.130 

0.153 

1.91 

O 2 

.080 

34.8 

.087 

0.10 

1.42 


B. Adsorption on Mica at 155^ K 


N2 

0.0176 

20.6 

0.0513 

0.063 

0.225 

CH 4 

.009 

43.5 

.109 

.208 

0.181 

CO 

.0069 

34.8 

.087 

.136 

0.146 

A 

.024 

19.5 

.049 

.057 

0.350 

O 2 

.043 

8.2 

.021 

.024 

0.241 

CO 2 

.071 

113.0 

.283 

.630 

6.32 


.085 

99.0 

.248 

.465 

6.64 



C, Adsorption on Glass at 90° K 



N 2 

0.088 

69.0 

0.173 

0.213 

2.92 

CH 4 

.064 

114.0 

.286 

.646 

2.63 

CO 

.083 

82.4 

.206 

.322 

3.28 

A 

.051 

60.0 

.150 

.176 

1.76 

O 2 

.079 

43.0 

.108 

.123 

1.74 


* This corresponds to Tables XVIII, XIX and XX, loc. cit. The notation used is 
different from that of Langmuir. The following table compares the two sets of 
symbols. 

Table 11 Langmuir 

h corresponds to a 

Va corresponds to 6 

a corresponds to jS 

t The significance of this constant is discussed in section 6 below. 


the same adsorbent, than can be accounted for on the basis of the 
values of Ns. 

An illustration of a similar nature, quoted by Brunauer,^® is found in 
the data obtained by E. C. Markham and A. F. Benton®^ on the adsorp- 
tion of oxygen, carbon monoxide, and carbon dioxide on silica. Figure 

«8B,p.76. 

«/. Am. 5oc., «8, 497 <1931). 
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13** shows plots of 1/vo versus l/Pmm for the three gases. Curve 1 
applies to oxygen at 0“ C, curve 2 to carbon monoxide at 0° C, and 
curve 3 to carbon dioxide at 100® C. 

The values of p, are 397 cm* for oxygen at 0° C, 322.6 cm® for carbon 
monoxide at 0° C, and 426.4 cm® for carbon dioxide at 100® C. For 
carbon monoxide at 100® C a value as low as 60.2 cm®, was observed. 

In explanation of the low values of a (see Table 11) observed in his 
measurements Langmuir suggested that “the adsorption of most of 



Fig. 13. Plots of 1/so versus l/Pmm for the adsorption on sUica of oxygen at 0® C 
(curve 1), carbon monoxide at 0* C (curve 2) and carbon dioxide at 100* C (curve 3). 
»o in cm* (S.T.P.) per gram. 

these gases does not occur over the whole surface, but only where the 
arrangement of the surface atoms is such as to give particularly strong 
stray fields of force.” The adsorption thus takes place according to 
equation 19, and it is only the volume of gas necessary to cover a frac- 
tion of the surface, corresponding to Vi, that is measured as Vg, while V 2 , 
Vs, etc., are negligibly small. 

“That an apparently homogeneous surface will in reality be extremely 
unhomogeneous in respect to its absorbing power” has been emphasised 
by E. K. Rideal,*® from whose book the following remarks are of interest. 

A gas but feebly adsorbed such as argon will adhere only to those portions of the 
surface where the adsorbing forces are strong, whilst carbon monoxide which is 

** SB^Fig. 39, p. 77. vo is given in cubic cendmeters per gram. 

** An Introduction to Surface Chmiatry, Gambridge’University Press, p. 141, 1926. 
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relatively strongly adsorbed will adhere to all parts of the surface. Thus the satu- 
ration value of a gas or the availability of a surface will vary in accordance with the 
system chosen. We find for example that the saturation capacities of a metal such 
as copper varies with the nature of the gas. For ethylene and hydrogen the ratio of 
the saturation capacities of 0° C on active reduced copper is 2.3 : 1 ; for copper which 
has been sintered at 460® C the ratio is found to be 6.9 : 1. Whilst the total adsorp- 
tion per gram of metal has fallen only some 20 per cent for ethylene the adsorption 
for hydrogen has been seriously diminished. With carbon monoxide, ethylene, and 
hydrogen on copper the ratio of the saturation capacities is of the order 3 : 2,3 : 1, 
Evidently parts of the copper are accessible to carbon monoxide which do not 
retain either ethylene or hydrogen. 

Similar explanations must exist for a large number of observations in 
connection with catalytic investigations. 

There seems to be no question, however, that 

when the adsorption takes place in a unimolecular layer (or part of a layer), the 
data can often be fitted satisfactorily by means of the simple Langmuir equation. 
This usually happens when one deals with a relatively homogeneous surface, or sur- 
face element.^® 


As will be discussed more fully in the following section, difficulties 
have also been encountered in the interpretation of the values deduced 
for the constant 5. Consequently, a number of investigators have 
concluded that, in spite of the formal agreement with adsorption data, 
the equation should be written in the fotm®^ 


V = 


C1C2P 

1 + C 2 P 


( 31 ) 


where ci and C 2 are empirical constants whose physical significance may 
be disregarded. 

On the whole, the generally accepted view of the hyperbolic equation 
for the adsorption isotherm is expressed by S. J. Gregg 

Summarizing, it may be said that for plane adsorbents, and also to a large extent 
for porous adsorbents provided the pressure is not too high, the Langmuir formula 
woidd appear to give a fairly satisfactory representation of the experimental ad- 
sorption results. Whilst it is true that the constants in the equation still remain 
empirical in nature and their values are incapable of deduction in any fundamental 
way from the mechanism postulated by Langmuir, yet the latter is generally agreed, 
from other considerations, to be very probable. And as for Langmuir’s most 
important conception of all — the moqomolecular adsorption layer — this is now 

SB, p. 83, Brunauer draws att^tion to the work of A, Antropoff (Z. Ekktro- 
chem.f 39 , 616 [1933]; 43 , 544 [1936]}, who observed that the adsorption isotherms of 
nitrogen on charcoal up to 200 atm pressure obey the hyperbolic equation. 

For instance^ H. 2^ise, Z, phf^. Ckem.^ A ^36, 885, (1928); A, 183, 289 (1928). 
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supported by a great deal of experimental evidence for the range of low and medium 
concentrations, and may be taken as the generally accepted view. 


4. OTHER EXPRESSIONS FOR THE ADSORPTION ISOTHERM 

In a very comprehensive paper, published in 1940i®® Langmuir has 
shown that, by application of statistical considerations similar to those 
used by Fowler and others, it is possible to deduce other expressions for 
the adsorption isotherm by introducing different assumptions. 

As Langmuir points out, assumptions 2 and 3, mentioned by Fowler, 
cannot be generally valid. The maximum number of adatoms that can 
condense per unit area of a surface must depend, obviously, on the ratio 
between the diameter (d) of the atom or molecule and the distance (d*) 
between the centers of the sites or possible points of attachment. 

Let <r again denote the number (per unit area) of sites occupied by 
adatoms, and e, the total number of sites per unit area. The maximum 
number of sites available for condensation of adatoms (<ri) will not 
necessarily be identical with <r,; ci = <7* only if d/d, is less than 1. For 
d/d, greater than 1, ci will be less than <r,, and Langmuir introduces 
the parameter 


Vi 

For d/d, > 1, each adatom on the surface will form the center of a 
region from which other adatoms are excluded. The adatoms therefore 
give rise to an exclusion pattern. For instance, for d/d, = 1.25, 7 = 2 
and the number of sites in the exclusion pattern is F = 6, while, for 
d/d, = V2, 7 = 4 and E = 9. 

If we denote the number of sites per unit area that lie within the 
exclusion patterns of adatoms by <tb, then the number of free sites per 
unit area is 


• O’/ = <r, — (Tg. (2) 

Now, if we consider assumption 3 in Fowler’s discussion, there is a 
great deal of experimental evidence, as mentioned already, for the con- 
clusion that forces of repulsion between adatoms become more and more 
effective the more crowded the adatoms. The many investigations on 
the behavior of thin films on liquids®^ and solids lead to the conclusion 

»» J. Chem. Soc., IMO, 611. 

See especially N. K. Adam, The Physics and Chemisiry of Surfaces, Clmrendon 
Press, Oxford, 1938. 
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that the ^ ^equation of state^' for unimolecular layers (or monolayers) 
must contain repulsive and attractive force terms similar to those used 
in the van der Waals equation for gases and vapors at higher pressures 
and low temperatures. 

As is well known, this equation can be written in the form 


RqT oq 


( 3 ) 


where the constant to (usually designated 6) is a measure (rf the repulsion 
between molecules, and oq (commonly designated a) is a measure of the 
attractive or cohesive forces between molecules. 

For a monolayer in which the energy of each adatom is independent 
of the presence of other adatoms, that is, for an ideal two-dimensional 
gas, it has been shown by Langmuir®® that 

F = okT, (4) 

where F is analogous to the pressure in the ideal gas law 

P = nkT, 


In both equations k denotes the Boltzmann gas constant; but in the 
first equation a denotes the number of adatoms per square centimeter ^ 
while in the second equation, n denotes the number of molecules per 
cubic centimeter, 

Langmuir and also M. Volmer®® have shown that, for crowded sur- 
faces, the equation of state should have the form 

F(a' - ao') = kT, (5) 


where a' = 1/cr and a' — corresponds to the factor (F — 6o) in the 
van der Waals equation (3). 

^To compare the many equations of state that can be derived on the 
basis of different postulates regarding the forces of interaction,^^ Lang- 
muir has proposed the expression for the equation of state in the form 



( 6 ) 


‘Vhere Y{d) is a function of 6 which must approach unity at low values 
of 6 and approach zero when 0 becomes nearly unity.’^ 

Corresponding to a given equation of state, there exists another 

/. Am. Ckm. Soc., 54, 2817 (1932). 

Z. physik Chem., 115, 263 (1926). 
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function, denoted by Z{d), to characterize the adsorption isotherm 
which, according to Langmuir, may be expressed in the form 


P = 


Be 

Z{e) 


(7) 


where is a function of the temperature, analogous, to h in equations 
3.12 and 3.15. 

The manner in which the expression for Z(0) may be derived in any 
particular case is best understood by quoting the following remarks 
from Langmuir^s paper. 


Let us make the problem of the adsorption isotherm definite by assuming that the 
presence of an adatom in a given sit« has no effect on the adsorption in sites that lie 
outside of its exclusion pattern. . . . Consider a gas of pressure P in equilibrium with 
an adsorbed film of gas on the surface of a crystal. Select a particular atom of gas 
and follow its history as it moves back and forth between the gas and the surface 
phases. Since this atom, when it condenses on the surface, can go only into free 
sites, the total probability that it is on the surface at any given time is proportional 
to <r/. There is an equal probability that any other atom in the system will be 
found on the surface, and since the number of such atoms is proportional to the 
pressure, the adsorption isotherm can be written 

a = BPffft (8) 

where B is an undetermined constant which depends on the temperature. 


For the special case in which d/da < 1, we have E = 1, ag = a, and 
(Ti = <r«. Hence the last equation becomes 


^ jjp (<f. - gg) 

VI Vl 



that is, 


e = BP(1 ~ e), 


which is the hyperbolic equation discussed above. 

For the general case, where y is greater than unity, the expression for 
the isotherm becomes more complicated. In this connection Langmuir 
has made use of conclusions derived by L. Tonks®^ for the form of the 
equation of state and of the coitesponding function Z(^) for adsorption 
on a square lattice. 

For instance, for a square lattice and adatoms for which d/da < 1.42, 
7 = 2, and £ = 5, Tonks has deduced the following relation for the 
isotherm. 

e = J5P(1 - 2.56 + 1.6^ + 0.76^ + •••), 


which is valid for the range 0 ^ e < 0.6. 

” Phy». Rev., 60, 966 (1936), and J. Chem. Phyt., 8, 477 (1940). 


( 9 ) 
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“With still larger adatoms,” as Langmuir points out, “of diameters 
from 1.42d« to 2d„ we have E = Q and 7 = 4.” Tonks has shown that, 
for 0 very small, the expression for the corresponding isotherm is 

0 = J5P(1 - 2.250 + + . . .), (10) 

and Langmuir finds that, over the whole range of values of 0, a good 
approximation is given by an equation of the form ^ 

0 = BP(1 - «)», (11) 


where n = 2.25. 

Expressed in terms of v and v„ this relaticni has the form 

V = 6r,P ^1 — • (12) 

Taking logarithms of both sides, we obtain the relation 
ln(^) = ln ibv.) + n In 
which for small values of v/v^ can be written 

log = A - Cv, (13) 

where A and C are empirically determined constants. 

That is, a plot of log (v/F) versus v should yield a straight line, the 
slope of which is given by C = n/(2.303va), and the intercept for t; = 0 
is -4 = log (bvt). 

Equation 13 is the adsorption relation proposed by A. M. Williams®® 
and also by D. C. Henry.®® Equation 11 can evidently be derived by 
means of the same reasoning as the hyperbolic equation if it is assumed 
that an adatom requires n adjacent sites for attachment, rather than one. 

For 0 less than approximately 0.30, equation 11 can be written in the 
form 

In (I) = In S - nd, (14) 

which corresponds to equation 13. 

A modification of equation 12 derived by F. J. Wilkins^ on the basis 

” Proe. Soj/. Soe. London, A, 96, 287, 298 (1919-1920). 

»» PWI. Moff., (8), 44, 689 (1922). 

Proc, Boy. Soe. London, A, 164, 496 (1938). 
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of thermodynamic and statistical arguments has the form 

to (i) - In (to.) - i, Q - k, Q • (15) 

where &, fci, and k 2 are three empirically determined constants. 



Fig. 14. Data for the sorption of ethylene by charcoal plotted according to Henry- 
Williams adsorption equation. C denotes the concentration of the gas, which is 
proportional to the pressure. 


Figure 14®^ shows the adsorption isotherms plotted by Williams for 
data obtained by I. Homfray®^ on the sorption of ethylene by charcoal. 

Another variation of the hyperbolic adsorption isotherm, proposed by 
A. Magnus,®® is based on the assumption ‘‘that the adsorbed molecules 
on the surface behave like a two-dimensional imperfect gas, obeying an 
equation of state analogous to the van der Waals equation.”®'* The 
equation can be written in the form 


kik2P — ksv^ 

I + kiP- {ks/k2y* 


( 16 ) 


“ Williams, toe. eit.; SB, Fig. 43, p. 86. 

hoc. cU. (See Table 8.4 for observed data.) 
•*Z. physik. Ckem., A, 142, 401 (1929). 

“SB, p.89. 
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where fci, and are empirical constants. By rearranging terms the 
last equation can be expressed in the form 




(17) 


For kz = 0 , which corresponds to the case of a film obeying the equa- 
tion of state (see equation 4 for an ideal two-dimensional gas), the last 
equation becomes identical with the hyperbolic expression, with k^ = 
and ki = 6 . 

In terms of equation 17 assumes the form 


bP(l ~ e) 

1 + c^(l - e) ' 


(18) 


where c is a constant which becomes equal to zero for ^3 == 0 . 

According to Brunauer,®^ ‘'the Magnus equation apparently works 
fairly well for charcoal, but not for metals and silica gel, or alumina.’^ 
The explanation suggested is that only for charcoal is the adsorption of 
the monolayer type. 

In a paper on the adsorption of gases (such as argon, nitrogen, and 
carbon monoxide), on smooth surfaces of steel, at liquid-air tempera- 
tures, Marion H. Armbruster and J. B. Austin®^ have stated that, while 
their obseiwations satisfy the hyperbolic equation over a considerable 
range of pressures, marked deviations are observed in the lowest pressure 
range. “These deviations,^^ according to the authors, “are all of the 
same kind — the volume adsorbed at a given pressure in the low range 
being greater than that calculated by extrapolation of the data in the 
high pressure range. 

The authors mention that similar deviations from the hyperbolic 
equation have been observed by other investigators®® and that these 
deviations occur in the range of pressures for which the parabolic equa- 
tion applies. They have therefore proposed an expression for the 

p. 92. 

J. Am. Chem. Soc., 66, 159 (1944). 

The same observation has also been made by Armbruster in papers on the 
sorption of water vapor on steel surfaces at 20° C (J. Am. Chem. Soc., 68, 1347, 
[19^]). Above 0.4 mm, the sorption isotherm could be represented very satis- 
factorily by the Langmuir equation, but below this pressure the sorption exceeded 
that predicted by the equation. Of further interest is the conclusion that for some 
of the isotherms the values deduced for corresponded to 2 or 3 times the values of 
v» for a complete monolayer. 

R. M. Barrer, Free. Roy- Soc. London, A, 161, 476 (1987); Wilkins, iWd., A, 
164,510(1938). 
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isotherm which represents a combination of the hyperbolic and para- 
bolic equations of the form 


V = V, 


/ bP 

\l + bp) ’ 


(19) 


where n is greater than 1. ^ 

Expressed in terms of 6, this equation takes the form 

= 6P(1 - 


( 20 ) 


Equation 19 is a generalized form of the equation 




kik^P 


+ A:,P 


( 21 ) 


which was found by H. Zeise®® to be in satisfactory agreement with data 
on the adsorption of gases and vapors on glass. The same equation has 
also been found by E. Mueller and K. Schwabe^® to fit the data on the 
adsorption of hydrogen on platinum. 

Armbruster and Austin observed that their data on the adsorption of 
gases on steel could be represented by equation 19 with the values n = 3 
for nitrogen, n = 4 for argon, and n varying between 4 and 5 for carbon 
monoxide. To account for these values of n it is suggested that in these 
cases the rate of evaporation of adatoms must be assumed to vary as 
and that the actual value of the exponent is ‘‘a measure of the departure 
of the behavior of the sorbed film from that of an ideal two-dimensional 
gas.'' 

For small values of equations 19 and 20 approximate to the Freund- 
lich relation, that is 


or 

t; = (3.1) 

In the previous section it was observed that the equation 

« 6P(1 - BY (3.26) 

also approximates the Freundlich relation for small values of B. How- 
ever, since (1 — 6^) is always greater (for the same value of B) than 
(1 — BY, it follows that equation 19 or 20 will approximate more closely 
to the parabolic relation for larger values of B than the last equation. 

A summary of the different expressions for the adsorption isotherms 

Z,,pkl/sik. Chem,, 186, 386 (1928). 

Z. Elektrochem., 85, 166 (1929). 



SBC. 4] OTHER EXPRESSIONS FOR ADSORPTION ISOTHERM 423 


deduced for the case of adsorption as a unimolecular layer is given in 
Table 12, while Table 13 contains values of a number of functions of B 
which serve to illustrate the more generalized expressions mentioned in 
Table 12. These values of Z{B) have been used to plot the curves 
shown in Fig. 15 which give ® as a function of P. All but one of these 



Fig. 15. Plots of 9 versus 8/Z(9), illustrating the different equations for the ad- 
sorption isotherm. The expression for Z{6) is given for each curve. 


curves have been plotted in such a manner as to make the values of 0 
approach the plot of 0 = BP for 0 = 0. (That is, it is postulated that 
for low values of 0 Henry’s law becomes valid.) 

In the case of the curve for the equation 

4^ = 5P(1 - tf*) (22) 

the factor 4 has been introduced in order to make the value of 0 for 
BP = 0.63 agree with that of 0 for the same value of BP as given by the 
hyperbolic isotherm, 0 = BP (1 — 0). It will be observed, that while 
the two curves are in approximate agreement for a range of values of 
pressures in the neighborhood of BP = 0.6, the plot of equation 22 gives 
much higher values of 0 in the range of low pressures than the hyperi)olio 
equation. 
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TABLE 12 


Equations for Adsorption Isotherms 


Author 

In Terms of v 

In Terms of d 

Langmuir 

vJbP 

V =“ 

1 4-6P 

e =vftP(i - e) 

Henry’s law 

V ^kP 

e ^hP 

Williams-Henry 

V = hVsP(X — v/Vg)^ 

log (v/P) = A - Bv 

e - 6P(i - e)^ 
log {e/P) ^ K - ne 

Magnus 


g 6P(i - e) 

1 +ce{l - e) 

Tonks 

V - bVgPZ(v/vs) 

For form of Z (d) see 

e » hPZ(B) 
discussion 

Langmuir 

” 1 + (.bP)^'" 

0" = bP(l - «)” 

Zeise 

/I + 

•'“•'A hP ) 

= hP{\ - e^) 

Freundlich 

V = kP^'” 

« hP 


5, MXJLTIMOLECULAR ADSORPTION 

Bnmauer-Emmett-Teller Equation. While the type of isotherm dis- 
cussed in the previous sections has been most successfully interpreted 
on the assumption of unimolecular adsorption, there are other types of 
sorption isotherms which are attributed to multimolecular adsorption. 
In Fig. 16^^ is shown a series of isotherms which were observed for 
nitrogen and argon on an aluminum oxide promoted iron catalyst. In 
fact this type of sorption is characteristic, in general, of vapor adsorption 
at pressures approaching saturation values. 

On the basis of assumptions similar to those used by Langmuir, 
S. Brunauer, P. H. Emmett, and E. Teller deduced an equation for 
multimolecular adsorption which may be expressed in the form^* 

P ^ (0-1) . P , . . 

v(Po - P) VmC Vf^e Po 
SB,-p. 162, Fig. 72. 

7^ See SB, pp. 151-166, for derivation; also /. Am. CTem. iS'oc., 60, 309 (1938). 
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TABLE 13 

Values op Functions op B 


e 

e 

6 

0 

e 


e * 

e 

e* 

VI -e 

1-6 


Z{e)* 

1 - 

(1 - 9 )’ 

CO 

1 



0 







0.05 

0.0513 

0.0526 

0.0554 

0.0569 

0.0025 

0.0025 

0.0583 

0.0001 

0.10 

0.1054 

0.1111 

0.1234 

0.1306 

0.0101 

0.0100 

0.1372 

0.001 

0.15 

0.1628 

0.1765 

0.2076 

0.2266 

0 . O23O 

0.0225 

0.2442 

0.0034 

Wm 

0.2237 

0.2500 

0.3125 

0.3532 




0.0081 

mEi 

0.2887 

0.3333 


0.5202 


0.0625 


0.0159 

HI 


0.4286 


0.7402 



0.8746 

0.0278 

0.35 

0.4342 

0.5386 

0.8285 

1.027 

0.1396 

0.1225 

1.275 

0.0448 

0.40 

0.5165 

0.6667 

1.111 

1.389 

0.1904 

0.1600 

1.852 

0.0684 

0.45 

0.6067 

0.8181 

1.488 

1.825 

0.2539 

0.2025 


0.1027 

0.50 

0.7071 

1.0000 

2.000 

2.286 

0.3333 

0.2500 

4.000 

0.1429 

0.60 

0.9488 

1.5000 

3.750 


0.5624 

0.3600 

9.376 

0.2755 

0.70 

1.277 

2.333 

7.777 


0.9607 

0.4900 

25.92 

0.5220 

0.80 

1.788 

4.000 

20.00 

! 

1.778 



1.049 

0.90 

2.845 

9.000 

90.00 


4.263 



2.689 

1.00 

00 

00 

00 


00 

UH 

00 



♦ Z(e) = 1 - 2.6^ -f -h 0,76e\ 


where Vm and c are constants at any temperature, and Pq is the satura- 
tion pressure of the gas at the given temperature. 

Thus, for an adsorption isotherm which obeys this relation, a plot of 
the expression Pv^^ {Pq — P)~^ versus P/Po should yield a straight line 
for which the intercept is l/ivmc) and the slope is (c — 1)/ (vmc). 

In deriving equation 1 it was assumed that the adsorption occurs by 
formation of a unimolecular layer as a first stage, and that this is followed 
by condensation of the gas to form an infinite number of layers. If the 
adsorption occurs on the walls of capillaries and n denotes the maximum 
number of layers that can be adsorbed between the walls, then the last 
equation must be replaced by the relation 

_ VmCX ^ 1 - (n + l)x^ + 

^ I — X 1 + (c — l)a: — 


where x « P/Po* 

Figure 17^® shows the adsorption isotherm of nitrogen on an iron 
. ^»SB,p. l6p,Fig. 7L 
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catalyst at 77.4® K and the plots for a series of values of n, using values 
of Vm and c deduced from a straight-line plot. As will be observed, the 
four isotherms are identical up to P/Po = 0.36 and diverge only at 
relatively higher values. 



Fig. 16. Adsorption isotherms for nitrogen and argon on a promoted iron catalyst 
observed for —183° C. The isotherms for —196.8° C were calculated from those 
for —183° C by means of the BET equation 2 (Bninauer). 


The last equation evidently has two limiting cases: (1) n — oo, for 
which equation 1 should be valid; (2) n = 1, corresponding to wm- 
mdecuUir adsorption. In this case, this equation assumes the hyper- 
bolic form 


V CVm Vm 


( 3 ) 


which is derived from equation 1 by assuming that P is very much less 
than Po, and that (c — 1) is approximately equal to c. That this last 
assumption is justified follows from a comparison of the last equation 
with equation 3.17a or 3.176. It is seen thAt c/Pq corresponds to the 





Sbc. 5] 


MULTIMOLECULAR ADSORPTION 


427 


constant 6, while Vm corresponds to t;«. Thus, in the plot shown in Fig. 
17, Vm is the value indicated at the point B in1)he plot of vo versus P/Pa* 
Since c = 6Po, it must correspond to a pure number, and a considera- 
tion of the manner in which this number enters into the derivation of 
equation 2 shows that, to a first approximation, 

c = (4) 



Fig. 17. Adsorption isotherm for nitrogen on an iron catalyst at — 195.8® C 
plotted according to the BET equation 2 for a series of values of n. The observed 
data are indicated by circles (Brunauer). 

where Ei « energy of adsorption of monolayer, and El * energy of 
condensation of the adsorbed vapor or gas.^^ In each case the energy is 
expressed in calories per gram-molecular weight (that is, per mole). 

In Pig. 16 the values of Et — El ^ indicated for each adsorption 

This conclusion will become more evident from the discussion in the Mowing 
section. 
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isotherm, and it is of interest to note that, for T = 77.4 (—195.8® C), 

c = *7 oo/(«oT) ^ 95 6 

Figure 18^® shows adsorption isotherms of nitrogen on six different 
adsorbents at 90.1® K plotted according to equation 1. The values of 



0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

P/Po 

Fia. 18. Adsorption isotherms at 90.1® K for nitrogen on six different adsorbents 
(given in Table 14) plotted according to equation 1 (Brunauer). 

the constants Vm (cm®/g) and (Ej — El) (calories per mole) are shown 
in Table 14, given by Brunauer.^® 

While the theoretical values of Vm were derived from the linear plots 
by the method indicated above, the experimental values of Vm were 
obtained from the actually observed values at the points B of the 
curves. As will be observed, the agreement between the two sets of 
values is very satisfactory. 

The advantages and disadvantages of the theory have been stated by 
Brunauer^^ in the following remarks: 

SB, p. 156, Fig. 69; P. H. Emmett, J. Ind. Eng. Chem., 87, 639 (1945). 

’«SB, p. 167, Table XIV. 

”SB,pp. 177-178. 
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TABLE 14 

Values of Vm (B.E.T. Equation) and of Heat of Adsorption of Nitrogen 
AT 90.1° K Deduced from the Isotherms 


Adsorbent 

Plot in 
Fig. 18 

Vm 

(theoretical) 

Vm 

(experimental) 

Ej — El 

Unpromoted Fe 

catalyst 973 II 

1 

0.29 

0.27 

774 

Fe 203 -Al 

catalyst 424 

2 

2.23 

2.09 

774 

Fe-Al 203 -K 20 

catalyst 958 

3 

0.56 

0.65 

854 

Fused Cu catalyst 

4 

0.05 

0.06 

776 

Cr 203 gel 

5 

63.3 

60.6 

738 

Silica gel 

6 

116.2 

127.0 

794 

The multimolecular adsorption theory is the first attempt to arrive 

at a unified 


theory of physical adsorption. It describes the entire course of an adsorption iso- 
therm, including unimolecular adsorption, multimolecular adsorption, and capillary 
condensation, whereas previous theories have dealt only with one or another of these 
adsorption regions. At the same time it supplies an isotherm equation that can 
describe all the five different isotherm types, whereas previous equations have dealt 
only with one type of isotherm at a time, and no equations have been offered at 
all for three of the five isotherm types. 

The theory has several limitations. At low pressures it reduces to the Langmuir 
equation, consequently all the criticism that has been levelled against the Langmuir 
theory can be directed equally well against the multimolecular adsorption theory in 
the low-pressure region of the adsorption isotherm. The most active parts of the 
surfaces of most adsdtbents are strongly heterogeneous, with strongly varying heats 
of adsorption, therefore the Langmuir equation is not obeyed. For most adsorbents 
the theory breaks down in the region from zero pressure to P/Po = 0.05, and for 
some adsorbents to as high as 0.10. It may be restated that in this region the only 
theory that can deal successfully with physical adsorption is the potential theory. 

The multimolecular adsorption theory is at its best in the middle adsorption 
region, i.e., in the region preceding and following the building up of a unimolecular 
layer. There are several reasons for this. In the first place the less active parts of 
the surfaces of most adsorbents are roughly homogeneous, therefore an average 
value of El can be used without introducing a serious error. In the second place 
the heterogeneity of the surface does not show up any more in the second adsorbed 
layer, and so El becomes a very good approximation to the heat of adsorption in 
that layer. FinaUy, since most adsorbents have capillaries that are at least several 
molecular diameters wide, the difficulties due to capillary condensation do not yet 
begin to appear in this region. Thus the two-constant equation (1> is obeyed very 
closely for many adsorbents to at least P/Po ** 0.36, and sometimes to 0.^. This 
fact enables one to evaluate accurately the surface area of the adsorbent. 

Undoubtedly there is considerable evidence of a very satisfactory 
nature for concluding that, in the presence of vapors at or near their 

See seotion 9 of this ohi^ter for discussion of this topic. ^ 
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saturation pressures, it is possible for the adsorbed material to exist in 
the form of a multimolecular layer. However, it is also well to mention 
in this connection the arguments advanced by Langmuir in his 1918 
paper against assuming the general existence of such adsorbed film. 
He states, 

s 

There appear to be three main reasons which have led these investigators to con- 
clude that adsorbed films are relatively thick. In most cases the experiments have 
been carried out with porous materials such as charcoal, so that it has not been 
possible to determine with certainty the effective adsorbing surface. Other workers 
have employed metal foil or other surfaces of known area, but in order to get suf- 
ficiently large surfaces have packed so much foil, etc., into small vessels that enormous 
numbers of capillary spaces were formed. They then employed saturated or nearly 
saturated vapors bringing about actual condensation of liquid in the capillary spaces. 
The third cause of error has consisted in the use of substances which actually dis- 
solve the vapor thought to be adsorbed. The so-called adsorption of water vapor 
by glass is an example of this kind. 

In concluding the discussion of the Brunauer-Emmett-Teller equation 
it is of interest to observe that a simplified derivation of this equation 
has been given by A. G. Foster.*^® He states, 

It should be emphasized that the new theory, unlike the older “potentiar* theo- 
ries*® of multilayer adsorption put forward by Eucken and Polanyi, does not postulate 
the existence of long-range adsorption forces, but is consistent with Langmuir’s views 
on the short range of these forces. Adsorption beyond the first layer takes place 
under the influence of the cohesive forces of the molecules of the adsorbed substance 
acting as in the liquid state, so that a fraction of the surface must always be covered 
with a layer more than one molecule thick except at very low pressures, or above the 
critical temperature, or in pores too narrow to admit a second layer. Although the 
new theory gives a satisfactory explanation of Snshaped isothermals without assuming 
that capillary condensation occurs, it should be regarded as complementary to, 
rather than as superseding, the capillary theory. 

In a second paper®^ Foster has shown that the saturation values for 
unimolecular adsorption calculated from the corrected data at lower 
pressures (by allowing for multilayer adsorption) agree with those 
derived by the ^^point method of Emmett and his collaborators 
from the data at higher pressures. 

It should be added that G. Pickett®^ and R. B. Anderson®^ have sug- 
gested modifications of the Brunauer-Emmett-Teller equation which 
extend its applicability to higher values of P/Pq* 

Chem. Soc,y November, 1946, p. 769. 

This is discussed in the following section. 

J. Chem, Soc., November, 1945, p. 773. 

/. Am: Chem, Soc., 67, 1968 (1945). 

/. Am. Chem. Soc., 68 , 686 (1946). 
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Application of the Potential Theory. In 1914 A. Eucken®^ and 
M. Polanyi®® developed a theory according to which adsorption is due 
to strong attractive forces exerted by the adsorbent upon the gas in its 
neighborhood. As Brunauer describes the assumptions involved,®® 

The forces of attraction reaching out from the surface are so great that many ad- 
sorbed layers can form on the surface. These layers are under compression, partly 
because of the attractive force of the surface, partly because each layer is compressed 
by all the layers adsorbed on top of it. The compression is the greatest on the first 
adsorbed layer, less on the second, and so on until the density decreases to that of 
the surrounding gas. 

The adsorption potential at a point near the adsorbent is defined (by Polanyi) 
as the work done by adsorption forces in bringing in molecules from the gas phase 
to that point. 

For gas pressures much below the critical value, this potential is given 
by the relation 

,i = RoTln(py ( 6 ) 


where Pq is saturation pressure, and Px the pressure in the gas phase at 
the point at which the weight of adsorbed vapor per unit area is given by 
X, At this point, the volumCy <t>i, of the adsorbed vapor per unit area is 
given by the relation 

= ( 6 ) 

Ot 

where is the density of the liquid at temperature T, 

At the surface of the adsorbent, 0 == 0, and e* has its maximum value, 
€o. As we pass outwards, towards the gas, u decreases and increases 
until, at the boundary of the adsorbed layers, the density drops abruptly 
to that of the gas, u = 0, and <t) reaches a maximum value. Thus the 
different layers parallel to the surface of the adsorbent form a series of 
equipotential surfaces at each of which and <t>i have definite values. 


The potential theory assumes that the adsorption potential does not change with 
temperature, « 


dT 


0 , 


from which it follows that 


d^i 

dT 


0 . 


Verhandl, detU. phgsik, Oe9.f 16, 345 (1914). 

Verhandl, deut. physik. Oes,, 16, 1012 (1914). 

^^SB, p. 96. This reference as well as Chapter XVII in McB should be con- 
sulted for detailed discussion of the topic. 
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This means that the curve representing the potential distribution in the adsorption 
space, iie., € « /(^), is the same for all temperatures. For this reason the curve is 
called the characteristic curve. 

Since « and <t> can be expressed in principle as functions of the pressure, the temper- 
ature, and the amount of gas adsorbed, the equation e = f(<l>) can be regarded as 
equivalent to an isotherm equation.®^ 

s 

In practice such a plot of e versus <f> is usually derived from one experi- 
mentally determined isotherm, and all other isotherms are then cal- 
culated from this curve. 



<t> (volume occupied by gas adsorbed at potentials greater than e) 

Fig. 19. Characteristic curve calculated, on the basis of the potential theory, from 
Titoff 's data for the adsorption of carbon dioxide on charcoal, where e is expressed in 
calories per mole (Lowry and Olmstead). 

The first calculations were made by Polanyi.®® The method was 
improved subsequently by L. Berenyi®® and by H. H. Lowry and 
P. S. Olmstead.®® Figure 19 ^hows a characteristic curve calculated 
by Lowry and Olmstead from A. TitofT^s data on the adsorption of 
carbon dioxide on charcoal. 

SB, p. 99. The quotations in this section and remarks are based on the com- 
prehensive discussion of this topic by Brunauer in Chapter V. 

** Loc. cU. 

Z. phyHk. Chem. 94, 628 (1920), 106, 55 (1923). 

J. Phys. Chem., 31, 1601 (1927). SB, p. 108. 
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As Brunauer states, the work of these investigators 

proves conclusively that with the help of the theory one can calculate from one 
experimental isotherm all others at different temperatures. Polanyi*^ also investi- 
gated, together with Berenyi, the relation between the characteristic curves of 
different gases obtained on the same adsorbent. They found empirically the following 
relation between the maximum adsorption potential €q and the van der Waals con- 
stant a of the gas 

CO =* k\^ a. (7) 

Table 15 shows that this equation holds quite well for all gases investigated, except 
hydrogen. 

This table is of interest not only because it gives quantitative values 
of the adsorption potential^^ but also because it shows the ^‘non-specific 
nature of van der Waals adsorption.” The last two columns in the 
table (which have been added by the writer) give values of El (latent 
heat of vaporization in calories per mole) and of the boiling point. 

TABLE 15* 

Relation between €o (Adsorption Potential) and a (van der Waals^ 
Constant) for Adsorption by Charcoal 


Adsorbed co in 


Gas 

Calories 

loVa 

Wh^/s/ a 

El 

ta 

C8H4 

7100 

94.1 

75 

3343 

-103.8° C 

CO 2 

6100 

84.7 

72 

6847 

-78.5 

CH4 

5230 

60.8 

86 

2215 

-161.5 

CO 

4840 

53.0 

91 

1415 

-192.0 

O 2 

4450 

51.9 

86 

1629 

-182.95 

N 2 

4320 

51.8 

83 

1334 

-195.78 

A 

4100 

51.0 

80 

1502 

-185.66 

H 2 

^3100 

20.6 

150 

217.7 

-252.74 


* The value of El for C 2 H 4 was calculated from that for CH 4 by assuming the 
validity of Trouton's law. All the other values of and values of ts were taken 
from Table 19, section 7 of this chapter. 

In summarizing this topic, Brunauer makes the following remarks: 

Polanyi's theory is eminently successful in accounting for the temperature dependence 
of physical adsorption. The calculations of Berenyi and of Lowry and Olmstead 
prove definitely that the adsorbed substance behaves very much like a compressed 
gas, and at lower temperatures like a liquid. The deviations of the experimental 
data from the theory are partly due to experimental error, although slight systematic 

Z. Ekktrocfmn., 26, 370 (1920). 

Note that this is expressed in terms of calories per mole. See SB, p. 111. The 
constant a, is identical with the constant oo in equation 4.3* 
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deviations were also found. This is understandable, since one would not expect the 
adsorbed gas to obey exactly the three-dimensional equation of state. It is indeed 
surprising how far-reaching the agreement actually is. 

The potential theory applies to both unimolecular and multimolecular adsorption. 
It is the only theory of physical adsorption that can handle quantitatively adsorption 
on a strongly heterogeneous surface. Since the theory does not attempt to formulate 
an isotherm equation, the scope of information obtainable from it is limited. One 
cannot determine with it« help the extent of the surface of the adsorbent or the pore 
size distribution; indeed, one cannot even tell whether the adsorption is unimolecular 
or multimolecular."' 

Equations of Patrick and Palmer. For the adsorption isotherms of 
sulfur dioxide, ammonia, bromine, and butane on silica gel, W. A. 
Patrick®^ and his collaborators found that the observations were in 
agreement with the empirical equation 

log Vi = log * + i log ’ (8) 

where vi = volume of adsorbed liquid. 

Pq = saturation pressure of gas. 
at = surface tension. 
k and n are empirical constants. 

W. G. Palmer and R. E. D. Clark®^ observed that the adsorption of 
various organic vapors on vitreous silica could be represented as straight 
lines by plotting log €, the logarithm of the Polanyi potential, against v, 
the volume adsorbed. That is, 

log log = ki- k 2 V, (9) 

where ki and ^2 are two empirical constants. 

This equation has been applied by M. H. Armbruster®® in plotting 
her observations on the adsorption of carbon monoxide, argon, and 
nitrogen at very low temperatures on surfaces of smooth silver. It 
should be stated, however, that plots of P/v against P also gave good 
straight lines. 

6. TEMPERATURE VARIATION OF ADSORPTION 

For a given equilibrium pressure, the amount sorbed always decreases 
with increase in temperature, as shown by the adsorption isotherms for 
a series of temperatures. As mentioned previously the isoatere repre- 

SB, pp. 121-126; J. Phys. Cham,, 29, 336, 421, 601 (1926). 

Proc. Roy. Soc. London, A, 149, 3^ (1936); Palmer, ibid.. A, 160, 264 (1937). 

/. Am. Cham. Soc., 64, 2645 (1942). 
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sents the variation in pressure with temperature for a constant amount 
sorbed. 

Referring to the parabolic equation (3.1), it is observed that the 
constant k decreases and the exponent (1/n) increases with increase in 
temperature. In fact, for small 
amounts sorbed, the exponent 
approaches the value unity; that 
is, the sorption varies linearly 
with pressure (Henry’s law). 

These generalizations are illus- 
trated by the data in Table 9 
above. 

In their investigations on the 
sorption of various gases by co- 
conut charcoal, both I. Horn- 
fray®® and A. Titoff®^ observed 
the empirical relation that for a 
given pressure the logarithm of 
the amount sorbed per gram of 
charcoal decreases linearly with 
increase in temperature. That is, 

d In {x/m) 


dT 


= -K, ( 1 ) 



Fig. 20. Isobars for the sorption of 
hydrogen by charcoal at three temperar 
tures (McBain). 


where if is a constant. 

Figure 20®® shows a plot of the 
isobars for the adsorption of hy- 
drogen on charcoal, for a series 
of pressures, as derived by Titoff from the isotherms. 

On the other hand, B. Iliin®® has deduced a relation for the isobar of 
the form 


log x = A — kVr, 


( 2 ) 


One of the best-known relations for the isostere is that deduced by 
A. M. Williams, which has the form 

log(f)“| + A2. (3) 

»*Z. pkytOt. Chem., 74, 129 (1910). 

" Z. phyaik. Chem., 74, 641 (1910). 

»»McB,p. 98,Rg. 26. 

** Z. phytik. Chem., 107, 146 (19^)j PkU. Mag., 48, 198 (1924). 
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Figure 21^®® shows adsorption isosteres for ammonia on charcoal 
plotted by A. M. Williams in accordance with this equation, for a series 
of values of Vq, the volume adsorbed. 



Fig. 21. Adsorption isosteres for ammonia on charcoal plotted according to 
equation 3 for a series of values of the volume adsorbed (cm®, S.T.P.) per gram 
charcoal at pressure Pent and T° K (Williams). 


Turning to the consideration of the hyperbolic equation for the 
isotherm, of the form 


V 


vJbP 
1 + 6P' 


(3.16) 


it is of interest to discuss the manner in which both p® and 6 vary with 
T for constant value of v. 

E. Htickel^®^ pointed out that, since v* corresponds, theoretically, to a 
complete monolayer, the value of this constant should be practically 
independent of T. However, all the experimental evidence has shown 

Ptoc. Roy. Soc. London^ 96, 287 (1919-1920), SB, p. 88. 

Adsorption und Kapillarkondemation^ 1928. 
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that it is not, and several investigators have discussed the problem at 
length. 

As mentioned previously H. Zeise has shown that the hyperbolic equa- 
tion (3.15) represents very satisfactorily the data obtained by I. F. 
Homfray,^®^ A. Titoff^^^ and L. B. Richardson^®^ for the sorption of a 
number of gases by coconut charcoal. For any one gas the values of 
are observed to decrease linearly with increase in temperature, while for 
the variation of b with temperature Zeise has deduced an empirical rela- 
tion of the form 


log 6 « ai — 02 log T, (4) 

where oi and 02 are constants. However, as will be discussed below, 
such a relation can possess no theoretically valid support.^®® 

In section 3, in discussing Langmuir^s observations on the sorption 
of a number of gases by mica and glass (see Table 11), it was observed 
that, except for the case of methane, the values of a (the fraction of the 
maximum available surface covered with a monolayer) were found to be 
considerably less than unity. Furthermore, for any given gas, a was 
observed to decrease to a marked extent with increase in temperature. 

Similar results have been obtained by F. J. Wilkins^^® for the adsorp- 
tion of nitrogen, argon, and oxygen on platinum. Table 16 gives the 
values observed for <ri and From the linear plots of log a for each 
of the gases nitrogen and argon versus l/T, it follows that a may be 
expressed as a function of T by means of the relation 

a = (5) 

From the plots of log a versus l/T, the values derived for P are ap- 
proximately 406 and 491 for nitrogen and argon, respectively. 

A similar decrease (with increase in temperature) in the values of a 
has been observed by M. H. Armbruster^®® for the adsorption of gases 
at low temperatures on silver. Table 17 gives values of <ti and of a 
obtained for four gases. 

Principally the following: H. Zeise, Z. phyaik. Chem,^ 138, 289 (1928); F. J, 
Wilkins and A. F. H. Ward, Z. physik. Chem.^ 144, 259 (1929); R. S. Bradley, PhU, 
Mag.f 11, 690 (1931); F. J. Wilkins, Proc, Roy. Soc. Londoriy A, 164, 610 (1938). 

Loc. cU. See footnotes 96 and 97. 

J. Am. Chem. Soc., 39, 1829 (1917). 

Values of and b for the different gases are given in Table 8.6. 

106 Londorky A, 164, 610 (1938). 

The values given in Table 16 were calculated by means of the values of Ns 
given in Table 1.6. 

/. Aw. Cham. Soc.y 64, 2646 (1942). 
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. TABLE 16 


Values of <ri and of a fob the Adsorption of Nitrogen, Argon, and 
Oxygen on Platinum (Wilkins) 


T 

10*/T 

Nitrogen 

Argon 

Oxygen 


a 

10-‘Vi 

a 

tfiBm 

a 

77.3 

12.94 



7.83 

0.917 



83.6 

11.98 

2.77 

0.342 





90.6 

11.05 

1.99 

.245 

2.59 

.303 

3.25 

0.373 

112.2 

8.91 

0.663 

.0816 

1.39 

.162 



170.4 

5.87 

0.253 

.0312 

0.235 

.0275 

0.572 

.0657 


If the temperature coefficient of Vs (and therefore that of 1/a) cor- 
responds to that of an ideal gas,^®® —dal {a dT) should be equal to l/T 
(i.e., 0.011 for T = 90° K). The actually observed values approach this 
theoretical value in only one case and are considerably different in all 
the others. 


TABLE 17 

Values of <ri and of a for Adsorption on Silver 
Temperature, 


Gas 


10-^Vi 

a 

-da/(a dT) 

A 

-183 

1.53 

0.20 


N2 

-195 

1.12 

.171 

[ 


-183 

0.96 

.151 

1 0.0098 

CO 

-195 

4.28 

.651 

1 


-183 

2.42 

.37^ 

( .0359 

O 2 (pumped) 

-195 

7.22 

. .94I 

1 

O 2 (pumped 

-183 

1.42 

.18^ 

1 .0674 

O 2 (baked) 

-195 

5.60 

.781 

> 

O 2 (baked) 

-183 

3.09 

.40i 

.0406 


- 78.6 

2.30 

.29 

[ .0024 


On the other hand, for the adsorption of the same gases on ‘‘smooth 
surfaces^ ^ of steel, over the same range of temperatures, Armbruster and 
Austin observed apparent values of a which ranged from 0.16 for one 
isotherm to greater than 8 in another case and averaged about unity at 
the two lowest temperatures. At —78° C, the values of a for carbon 
dioxide varied from 0.44 to 0.60. In order to account for values of a 
greater than 1, the investigators assumed that the specific surface must 
have been about 4 times that of the geometric area. 

This suggestion was made by Wilkins and A. F. H. Ward, Z. phynk, Chem.f 
A, 144, 269 (1929). 
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Let U8 consider now the effect of variation in temperature on the value 
of the constant b as exhibited by Langmuir’s data in Table 11 and those 
derived by Zeise from the adsorption data for gases on charcoal. 

From equations 3.4 and 3.11 it follows that, for 

^ Na (xo 

0 — zzr « f (6) 

V2TM/ioT Ml 


where we shall assume that ao. == independently of T. 

Since /ui denotes the rate of evaporation of adatoms, it is reasonable 
to assume (as in the evaporation of solids and liquids) that /ui is an 
exponential function of T of the form 

Ml = (7) 


where Q corresponds to the heat of vaporization in calories per mole. 

Hence, 

In fe = In 6o - ^ In T + (8o) 

or 

Iog6 = log6o-^logr + jjj^. (86) 

Consequently, a plot of log (bVT) versus 1/T should yield a straight 
line, the slope of which corresponds to the value of Q/4.574. 

Since Langmuir made his observations for adsorption on mica at only 
two temperatures, and the values of b vary widely for the same tem- 
perature with methane and nitrogen, it is impossible to use these data to 
derive values of Q. 

For the values of C 2 (which, according to equation 3.31, correspond to 
b) Zeise deduced the empirical relation given in equation 4. However, 
for a number of the observations on adsorption plots of log C 2 versus 
1/T are fairly linear with slopes corresponding to the approximate values 
of Q shown in Table 18. (The variation in log T may be neglected.) 


TABLE 18 

Values of Q from Values of cz Compared with Observed Values of 
Heat of Adsorption 


Investigator 

Gas 

Q 

Qs 

Titdf 

N 2 

2540 

3684 

Titoff 

NHa 

3810 

7200 

Hichardson 

NHs 

4670 

7200 

Bichardson 

CO 2 

8550 

6100 

Homfray 

A 

2676 

3636 

Homfray 

CO 

2400 

3416 
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The last column gives values of Qs, the heats of sorption (see discus- 
sion in the following section) for the gases on charcoal at — 185® C, as 
measured by J. Dewar and, independently, by P. A. Favre.^^^ 

Though the values of Q given in the table should be regarded as very 
approjfimate, the fact that they are of the same magnitude as those given 
in the last column is in agreement with the physical interpretation of the 
constant b involved in equations 6 and 7. 

In his discussion of the significance of the constant b in the hyperbolic 
equation, Langmuir introduced the concept of average life of adatoms. 

If we divide mi by <ti, the number of adatoms per square centimeter 
corresponding to we obtain the value of the average probability per 
second for the evaporation of adatoms. The reciprocal, that is, 


<^i 

n = — > 
Ml 


(9) 


is designated the average life of an adsorbed molecule on the surface. 
From this definition and equation 6 it follows that 


ri 


(Tiby/2irM R qT • 

Na 

22,8&)<xibVMT • 

aibVMT 

2.635 • 10‘® ’ 


(10a) 

(106) 


where 6 is expressed in microbar”'^ 

This was the relation used in deriving the values of n given in Table 
11. That these values are considerably greater than the corresponding 
values for the liquefied gas is evident from the following considerations: 

Let TL = average life of a molecule on the surface of the liquid. 
Then, 


Ns 


TL 


ML 


( 11 ) 


where Ns — number of molecules per cm^ (see Table 4) and ml'= rate 
of evaporation in molecules • cm~^ sec~^ 

As shown in Chapter 1, at the vapor pressure Pub, 


HL = 2.635 • 10^® 


Pyih 

Vmt’ 


( 12 ) 


The values of Qs obtained by these investigators are taken from McB, pp. 
406-407. The values of Q should also be compared with those of L in Table 19. 
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Hence, 

a = (13) 

TL Ns 

For instance, for oxygen and carbon monoxide the values of Pf,b at 
90° K are 1 • 10 ® and 3 • 10 ®, respectively. The corresponding values 
of Ns are 8.7 • 10 ^'* and 8.0 • 10 ^^, respectively. From the values of <ri 
and b given in Table 11 , it follows that the values of ti/tl for oxygen 
and carbon monoxide adsorbed on surfaces of mica or glass are 8100 
and 614,000 respectively. 

From these and similar results obtained by other investigators it must 
be concluded that adatoms are held at the surface of an adsorbent by 
much stronger forces than those that are effective in the liquid state 
between similar molecules. 

It is evident that this must be so; otherwise it would be impossible to 
form the first layer, and in some experiments by R. W. Wood^^* and 
M. Knudsen“® this phenomenon has actually been observed. 

In Wood’s experiments a stream of cadmium vapor in a well-exhausted 
bulb was allowed to strike a glass surface at different temperatures. 
No visible deposit was observed unless the glass was held at a tem- 
perature below about — 90° C. On the other hand, once a deposit 
was started by cooling the glass at that spot with liquid air, the de- 
position of cadmium continued even after the deposit was warmed to 
room temperature. 

From these and similar observations Wood concluded that, whereas 
cadmium atoms condense on a cadmium surface at any temperature, 
they condense on glass only if the temperature is below about —90° C. 
At higher temperatures all the atoms are reflected. 

Similar observations were made by Knudsen and also by J. Weyssen- 
hoff.^^^ Knudsen experimented with mercury vapor and observed that 
at temperatures above — 130° C most of the molecules impinging on a 
glass surface were apparently reflected. With other vapors a similar 
“critical temperature” was observed, above which no condensation 
occurred. With NH 4 CI, this critical change occurred at — 183° C, 
with copper at temperatures varying between 360° and 676° C, while 
with zinc, cadmium, and magnesium the critical range extended between 

For a more comprehensive discussion see the original paper by Langmuir, J. 
Am. Chtm. Soc., 40 , 1361 (1918), also bis more recent paper in J. Chem, Soc., 1940 , 
611. 

Mat; 80, 300 (1916); 88, 364 (1916). 

“» Ann. Physik, 60, 472 (1916). 

Ann. Physik, 68, 606 (1919). 



442 


SORPTION OF GASES AND VAPORS BY SOLIDS [Chap. 7 


— 183® and — 78® C. All these observations held true only for a glass 
surface. On the other hand, mercury atoms condensed on a mercury 
surface at all temperatures. This same observation had been made by 
Knudsen in a previous investigation/^® and in fact he had applied 
equation 12 to determine the vapor pressure of mercury at extremely 
low temperatures from the rate of evaporation. As has been pointed 
out in a previous connection, the application of this equation involves 
the assumption that there is no reflection of atoms of the vapor striking 
the surface from which evaporation is occurring. 

Weyssenhoff carried out some experiments in order to determine the 
amount of reflection of mercury atoms striking surfaces of gold and 
iron. Although no absolute determinations of the amount of reflection 
were obtained, he concluded from his experiments that, at — 100® C, 
the reflection from gold is 5 to 10 times less than that from iron. 

These observations were interpreted by these investigators as indicat- 
ing that at some temperature the accommodation coefficient for con- 
densation changes very rapidly from zero to unity. Langmuir, how- 
ever, repeated Wood^s experiments^^® and concluded from his observa- 
tions that this deduction was not justifiable. 

In his experiments, Langmuir used cadmium vapor in a well-exhausted 
bulb and investigated the effect of cooling a portion of the glass surface 
to different temperatures. He found that ^‘traces of residual gas may 
prevent the growth of the deposit, particularly in those places which 
have been most effectively cooled. This is probably due to the adsorp- 
tion of the gas by the cooled metal deposit.” By using a side tube con- 
taining charcoal immersed in liquid air this effect was eliminated. 

If all the cadmium [he states] is distilled to the lower half of the bulb and this is 
then heated to 220® in an oil bath while the upper half is at room temperature, a 
fog-like deposit is formed on the upper part of the bulb in about 15 seconds. This 
deposit is very different from that obtained by cooling the bulb in liquid air. Micro- 
scopic examination shows that it consists of myriads of small crystals. According 
to the condensation-evaporation theory, the formation of this fog is readily under- 
stood. Each atom of cadmium, striking the glass at room temperature, remains on 
the surface for a certain length of time before evaporating off. If the pressure is 
very low, the chance is small that another atom will be deposited, adjacent to the 
first, before this has had time to evaporate. But at higher pressures this frequently 
happens. Now if two atoms are placed side by side on a surface of glass,, a larger 
amount of work must be done to evaporate one of these atoms than if the atoms were 
not in contact. Not only does the attractive force between the cadmium atom and 
the glass have to be overcome, but also that between the two cadmium atoms. 
Therefore, the rate of evaporation of atoms from pairs will be much less than that of 
single atoms. Groups of three and four atoms will be still more stable. Groups of 

Ann. Physik, 48, 1113 (1915). 

Na4l. Acad. Set. U.S., 3, 141 (1917). 
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two, three, four atoms, etc., will thus serve as nuclei on which crystals can grow. 
The tendency to form groups of two atoms increases with the square of the pressure, 
while groups of three form at a rate proportional to the cube of the pressure. There- 
fore the tendency for a foggy deposit to be formed increases rapidly as the pressure is 
raised or the temperature of the condensing surface is lowered. 

On the other hand, according to the reflection theory, there seems to be no satis- 
factory way of explaining why the foggy deposit should form under these conditions. 

Experiments show clearly that, when a beam of cadmium vapor at very lo^ 
pressure strikes a given glass surface at room temperature, no foggy deposit is formed, 
although when the same quantity of camium is made impinge against the surface 
in a shorter time (and therefore at higher pressure) a foggy deposit remains. This 
fact constitutes strong proof of the condensation-evaporation theory. 

A deposit of cadmium of extraordinarily small thickness will serve as a nucleus for 
the condensation of more cadmium at room temperature. Let all the cadmium be 
distilled to the lower half of the bulb. Now heat the lower half to 60® C. Apply a 
wad of cotton, wet with liquid air, to a portion of the upper half for 1 minute, and 
then allow the bulb to warm up to room temperature. Now heat the lower half of 
the bulb to 170® C. In about 30 seconds a deposit of cadmium appears which rapidly 
grows to a silver-like mirror. This deposit only occurs where the bulb was previously 
cooled by liquid air. 

Langmuir calculated from the vapor-pressure data for cadmium that 

a deposit which forms in 1 minute with the vapor from cadmium at 60® contains only 
enough cadmium atoms to cover 3/1000 of the surface of the glass. Yet this deposit 
serves as an effective nucleus for the formation of a visible deposit. 

At lower temperatures where the vapor pressure is much smaller the 
probability that the atoms striking the glass will fall into positions 
adjacent to atoms already on the surface becomes very much smaller 
and the atoms evaporate before new ones arrive; consequently there 
is no apparent condensation. Langmuir stated the difference between 
his point of view and that of Wood and the others quite clearly: 

When an atom strikes a surface and rebounds elastically from it, we are justified 
in speaking of this process as a reflection. Even if the collision is only partially 
elastic, we may still use this term. The idea that should be expressed in the word 
^Veflection^' is that the atom leaves the siirface by a process which is the direct result 
of the collision of the atom against the surface. 

On the other hand, according to the condensation-evaporation theory, there is 
no direct connection between the condensation and subsequent evaporation. The 
chance that a given atom on a surface will evaporate in a given time is not dependent 
on the length of time that has elapsed since the condensation of that atom. Atoms 
striking a surface have a certain average ‘‘life’' on the surface, depending on the 
temperature of the surface and the intensity of the forces holding the atom. Ac- 
cording to the “reflection” theory, the life of an atom on the surface is simply the 
duration of a collision, a time practically independent of temperature and of the 
magnitude of the surface forces. 

The above, experiments prove {as stated by Langmuir] that the range of atomic 
forces is very small and that they act only between atoms practically in contact with 



444 


SORPTION OF GASES AND VAPORS BY SOLIDS [Chap. 7 


each other. Thus a surface covered by a single layer of cadmium atoms behaves, 
as far as condensation and evaporation are concerned, like a surface of massive 
cadmium. 


In this manner it is possible therefore to account very well for the 
apparent reflection of cadmium and mercury from glass surfaces, and it 
is seen that these observations are not at all in contradiction to Lang- 
muir^s theory. 

From their experiments, M. Volmer and L Estermann^^^ concluded 
that, for liquid mercury, the accommodation coefficient (that is, the 
ratio designated ao in the derivation of the hyperbolic equation for the 
sorption isotherm) for condensation is unity, while for the solid it is 
slightly smaller. They also observed that for other substances, such as 
sulfur, phosphorus, and benzophenone, the value of the accommodation 
coefficient varied from 0.2 to 0.5. On the whole they expressed views in 
accord with Langmuir in concluding that the first stage in the condensa- 
tion of molecules on a crystalline surface consists in adsorption. 

In concluding this section it is of interest to mention the relations 
that must exist between the temperature coefficients of the different 
terms in the hyperbolic equation for the adsorption isotherm. 

Differentiating the terms in equation 3.15 with respect to T, we obtain 
the two relations; 

(1) For dvjdT = 0, that is, for constant adsorptioUy 



dlnP 

dvs d In 6 

(14) 


dT 

{v,-v)dT dT ' 

(2) For dP/dT 

= 0, that is, for constant pressurCy 



d In y 

dhiVa . — 1\ d In 6 



dT 

' dT V, ) dT 

!(15) 

Assuming that 






ln6 = ln&o + ^ 

(16)“8 


and that, therefore, 

din 6 Q 


(17) 


and knowing that, if changes with T, dvtIdT is always negative, it 
Z. 7, 1, 13 (1921). 

For the purpose of this argument we may neglect the factor l/y/T in equar 
tion 6. 
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follows from the last equations that (1) for constant amount adsorbed, 
P must increase with increase in T; (2) for constant pressure, v must 
decrease with increase in T. 

These conclusions are, of course, also evident from an inspection of a 
series of isotherms at different temperatures. 

7. HEAT OF SORPTION 

As mentioned previously, heat is evolved when a gas is sorbed and 
taken up when the sorbed gas is removed. The Clapeyron equation 
may therefore be applied to the isostere to determine the heat of sorp- 
tion in the same manner as the heat of vaporization may be determined 
from a vapor-pressure curve. The isosteric heat of sorption is thus 
determined by means of the relation 

^ _ d In P ^ _ 

4.574 (log P 2 - log Pi) 

■ — r/T.-i7T; — 


where Qs is expressed in calories per mole, and Pi and P 2 are equilibrium 
pressures at temperatures Ti and T 2 , respectively, for a given amount 
adsorbed. 

The fact that heat must be supplied to a surface to desorb it “has 
found application,” as McBain observes,^^® “in the production of low 
temperatures, as, for example, reaching 6° abs by pumping off hydrogen 
sorbed at the temperature of liquid air or liquid hydrogen.^®” 

The determination of the value of Qs derives its importance from the 
fact that it is a measure of the interaction energy between the adsorbed 
molecules and the surface atoms. As mentioned in section 6, it is 
possible from the value of the constant c in the Brunauer-Emmett-Teller 
equation to derive the value of Ei — El, where Ei is the energy of 
formation of the first adsorbed layer of molecules and El is the energy 
of condensation of the molecules to form the liquid. Furthermore, as 
was pointed out in the previous section, it is possible under certain 
conditions for El to exceed Ej. 

Since we shall have occasion to compare the values of heats of sorp- 
tion with tiiose of the heats of condensation, L, of the gases. Table 19 

McB, p. 400. 

F. Kmon, Phytih. Z., 27, 790 (1926). See also D. H. Andrews, R. K. Witt, 
and E. Crigler, R^ng. Eng., 19, 177 (1930). 
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TABLE 19 


Heats of Condensation of Gases 


Ga^ 

ec 

Cal • r ^ 

M 

L* (cal • mole 

Ls (cal • mole 

He 

-268.6 

6.0 

4.003 

24.0 

590 

Ha 

-252.8 

108.0 

2.016 

217.7 


Na 

-195.6 

47.6 

28.02 

1334 

1860 

CO 

-192 

50.5 

28.01 

1415 

2090 

A 

-186 

37.6 

39.94 

1502 

2800 

Oa 

-182.9 

50.9 

32.00 

1629 

2060 

CH4 

-159 

138.2 

16.03 

2215 

2700 

NaO 

-30 

67.9 

44.02 

2989 


COa 

-60 

87.3 

44.01 

3842 



-78.5 

138.0 

44.01 

6074 


NHs 

-33.4 

327.5 

17.03 

5565 


SOa 

-10.1 

95.0 

64.06 

6085 


HaO 

0 

596.7 

18.02 

10750 



• International Critical Tablee, Vol. 5, pp. 135-139. 


gives values of the heat of sorption, in the third column, and, for com- 
parison, values of L for a number of the gases which have been used in 
investigations on sorption. 

The last column gives the observed heats of sublimation, Lg, of the 
crystals.^^* 

The heats of sorption (in calories per mole) may be calculated from 
the isosteres by means of equation 16 or by plotting log P, for constant 
amount adsorbed, against 1/T, but they have also been determined by 
calorimetric methods.^^^ Table 20, taken from a review of this topic 
by H. R. Kruyt and J. G. Modderman,^®® illustrates the kind of agree- 
ment obtained by the two methods. The data were obtained by Titoff 
for carbon dioxide on charcoal at 0” C and 30° C. 

On porous, non-metallic adsorbents such as charcoal and silica gel, 
the differential heat of sorption is very close to, or somewhat greater 
than, the latent heat of condensation for the adsorbate, indicating that 
the forces between surface atoms of the adsorbent and molecules of the 
adsorbate are of the same nature as the van der Waals forces which 
are effective in bringing about condensation of a vapor. On the other 
hand, in sorption by metals, the values of Qa are usually of the same 
order as chemical heats of reaction. Hence the designation chemisorp- 
tion for this type of sorption. 

In the system oxygen-charcoal both van der Waals sorption and 
SB, p. 193. 

*** These are described in SB, Chapter III, and McB, Chapter XIV. 

Chem. Revs., 7, 269 (1930); SB, p. 223. 
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TABLE 20 

Heat of Adsobption for Carbon Dioxide on Charcoal 


Vo 

Qs 

1.82 

8130 

4.02 

7705' 

10.3 

6966^ 

19.72 

6548^ 

28.87 

6292 

34.07 

6452 

38.14 

6383 

41.4 

6495 

44.9 

6428 


Q (calorimetric) 
7727 

7280 

0831 

6720 

6585 

6540 


chemisorption occur, as illustrated by Fig. 22, taken from a paper by 
F. G. Keyes and M. J. Marshall.^^^ From an initial value of 72,000 



Fig. 22. Heat of adsorption for oxygen on charcoal, as a function of amount 
adsorbed (Keyes and Marshall). 


cal per mole, the heat of sorption decreases rapidly with increase in 
amount sorbed Ibo about 4000 cal per mole for very large amounts 
sorbed. 

This decrease in Qs with increase in amount adsorbed is characteristic 
/. Am. Ohm. Soc., 49 , 166 (1927); SB, p. 228, Fig. 83. 
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of a large number of cases of adsorption. It is, in fact, illustrated by the 
data in Table 20, on the sorption of carbon dioxide by charcoal, and is 
further shown in the data given in Table 21, taken from E. Hiickel,^^® 
giving the so-called ^^differentiar' and ‘^integral” heats of adsorption. 
The first column gives the amounts of gas adsorbed, and the second, the 
ratio between the increase in heat of sorption (calories per gram of 
charcoal) per mole increase in gas adsorbed. The ratio 



( 2 ) 


is known as the differential heat of sorption. The third column gives 
the integral or total heat of sorption for the corresponding value of a, in 
terms of calories per gram of adsorbent, while the last column gives the 
value in terms of calories per mole of gas adsorbed, where g,/a = Qs- 


TABLE 21 

Differential and Integral Heats of Adsorption for Carbon Dioxide 

ON Charcoal 


10®a 

Qd 

Qi 


10® Moles/g of charcoal 

Cal/mole 

Cal/g of charcoal 

Cal/mole 


Nitrogen 



1.157 

8,350 

0.097 

8,350 

10.91 

4,660 

0.509 

4,660 

18.7 

4,075 

0.866 

4,620 

32.5 

4,720 

1.62 

4,660 

45.2 

4,650 

2.09 

4,620 

58.3 

4,770 

2.72 

4,650 


Ammonia 



24.2 

11,270 

2.7 

11,270 

134.6 

8,540 

12.2 

9,030 

269.6 

8,060 

23.1 

8,550 

403 

7,830 

33.6 

8,300 

616 

7,880 

42.1 

8,140 

568 

8,380 

46.3 

8,160 

691 

8,650 

48.4 

8,180 

606 

8,710 

49.8 

8,200 


In general, the heats of sorption for the same gas on different adsor- 
bents are roughly the same. Also the heats of sorption for different 

Adsorption und KapiUarkondensation^ pp. 22-35, Leipzig, 1928; quoted in SB, 
p. 219, Table XXVI. 
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gases increase, in general, with increase in boiling point. For instance, 
, as Brunauer points out, 

Helium, boiling at 4.2® K, has a heat of adsorption of about 140 calories per mole; 
hydrogen, boiling at 20.4® K, has a heat of adsorption of about 1600 calories per mole, 
and the four gases, argon, nitrogen, oxygen, and carbon monoxide, boiling in the 
temperature range 77.3-90.1® K, have heats of adsorption of about 3000-4000 
calories per mole. 

For ammonia, carbon dioxide, and nitrous oxide Favre obtained heats of adsorp- 
tion of 7200, 7300, and 7400 calories per mole, respectively. For ethylene, acetylene, 
carbon dioxide, and nitrous oxide Gregg obtained values of 0600, 8100, 6900, and 
7200 calories per mole, respectively. These heats of adsorption were obtained on 
charcoal. The boiling points of the five gases lie between 169® and 240® 

Similarly, for a number of organic vapors which have their boiling 
points in the range 300-350° K, the observed heats of adsorption on 
charcoal fall between 12,000 and 15,500 calories per mole.^^^ 

For the adsorption of nitrogen, argon, and carbon monoxide on 
smooth surfaces of steel and silver, Armbruster and Austin^^® have 
deduced, from the observed adsorption isotherms at — 183° C and 
— 195° C, the values of adsorption heats shown in Table 22. The last 
column gives values which these investigators have deduced from data 

of F. J. Wilkins.^29 


TABLE 22 

Values of Heat of Adsorption on Metal Surfaces 
(Calories per Mole) 


Fe 



Unreduced 

Reduced 

Ag 

Pt 

A 

3280 

3200 

3600 

3280 

N2 

3280 

3120 

3600 

3386 

CO 


3400 

3170 

3600 


It will be observed that the range of values is the same as that given 
above by Brunauer for the same gases. 

Comparison of the values for heats of sorption obtained by different 
investigators with those for the corresponding latent heats of vaporiza- 

SB, pp. 240-241. 

SB, p. 241. A very comprehensive survey of data on heats of adsorption has 
been given by H. R. Kruyt and J. G. Modderman in International Critical TabUst 
Vol. V, pp. 139-141. The values of Q, given in joules, ccm be converted into calories 
by multiplying by the factor 0.2392. Also calories per mole * 22,400 X (calories 
per cm*). 

/. Am. Ckem. Soc., 66, 169 (1944). 

Proe. Ray. Sac., London, A, 164, 496 (1938). 
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tion and sublimation (see Table 19) leads to the conclusion that the 
forces between adsorbed molecules and the surface atoms of the adsor- 
bent are of the same nature as the van der Waals forces of cohesion. 
Actually, it has been found possible to calculate the magnitudes of these 
forces from theoretical considerations and deduce from these conclusions 
approximate values of heats of sorption. ^ 

For example, for the adsorption of argon and carbon dioxide on ionic 
crystals (such as those of the alkali halides) the experimental and 
theoretical heats of sorption are found to be in very fair agreement. 
Similar results have been obtained for the heats of sorption of hydrogen, 
argon, and nitrogen on graphite. The most elaborate calculation 
of this nature has been carried out by W. J. C. Orr^’^^ on the adsorption 
of argon, nitrogen, and oxygen on crystals of potassium chloride and 
cesium iodide. For each of these gases the maximum values of the heats 
of sorption (which range from 2000 to 3000 calories per mole) are ob- 
served for the completed monolayers (^ = 1), with more or less rapid 
decreases for ^ > 1. 

It is of interest to note as shown in Table 23,^^^ the relation observed 
by Orr between the number of layers and the values of P/Pq, where Pq 
denotes the saturation vapor pressure of the bulk gas phase. 

TABLE 23 

Relation between Thickness or Adsorbed Layer and 
^ 'Relative'^ Pressure 


No. of 

^aayers”: 

1 

P/Po 

2 

3 

4 

Bulk 

Condensed 

Gas 

Argon 

T 

79.35 

0.25 

0.69 0.90 

0.96 

Phase 

SoUd^ 

Argon 

86.89 

,22 

,63 

.80 

.90 

Liquid 

Oxygen 

79.32 

.20 

.65 

.80 

.85 

Liquid 

Nitrogen 

73.57 

.012 

.44 

.70 

.85 

Liquid 


* Melting point of argon = 83.9® K. 


As Orr points out. 

The similarity between oxygen and argon and the contrast in their behavior to that 
of nitrogen is here very clearly brought out, the relatively very low value of P/Po at 
one monolayer, in the case of nitrogen, being indicative of the much stronger inter- 
action of these molecules with the surface. It is also significant to note that P/Po 
for nitrogen reaches values similar to those of oxygen and argon when about three 

See SB, p. 216. 

Trans, Faraday Soc.^ 36, 1247 (1939). 

Proc. Roy. Soc, Lmdm, A, 173, 349 (1939). 
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or four apparent layers are adsorbed, thus illustrating the very rapid falling off in 
the influence of the surface field. The fact that the vapor pressure does not reach 
exactly the saturation vapor pressure in about four layers, as would be expected 
from the known range of molecular forces, but tends asymptotically toward^! it, is 
undoubtedly to be explained by a lowering of the vapor pressure of the bulk phase 
due to capillary effects occurring in wide cracks or holes in the crystal surface.^** 
Although rapid condensation in bulk does not set in till about four or five layers have 
condensed, the heat of adsorption, in the case of argon, falls to the sublimation heat 
of the solid very close to the completion of a second layer, while, in the case of oxygen 
and nitrogen, it falls to the heat of vaporization of the liquid when between two and 
three layers have been condensed. 

The conclusions stated in this quotation with regard to both the 
range of the attractive forces and the limitation on the number of 
monolayers that can form on the surface of an adsorbent are extremely 
significant and in agreement with conclusions which Langmuir expressed 
in his earliest papers. 


8. RATE OF SORPTION 

Some of the earliest experiments on rate of sorption were made by 
Blythswood and H. S. Allen. They observed that the rate of sorption 
of air by charcoal at the temperature of liquid air could be represented 
quite accurately by the first-order reaction equation 

^ - x), (1) 

where x = amount adsorbed at time t. 

A = total amount adsorbed when equilibrium was attained. 
k = constant. 


Integrating equation 1 we obtain the relation 

log (d - a:) = log A - OASiSkt. (2) 


That is, a plot of log (d — a;) versus t should yield a straight line, for 
which the intercept at < = 0 is log d, and the slope 


A log (d — a;) 
At 


0.4343*. 


An equation similar to equation 1 was deduced by Langmuir*®* for 
the rate of adsorption of molecules to form a monolayer. 


**• This refers to the well-known fact that the vapor pressure of a liquid in a 
capillary is lower than that of the bulk phase, and the lowering in vapor pressure 
is a function of the radius of the capillary bore. 

PhU. Mag. 10, 497 (1906). 

*** J. Am. Chm. Soe., 40, 1861 (1918). 
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Let denote the fraction of the surface covered at any instant of 
time for the case in which the fraction at equilibrium is 6. Then it 
follows from considerations similar to those used in deriving equation 3.9 
that 

do' , , , 

cTi — = a^v — (fii + aov)d . N (3) 

Introducing the relation for 6 given by equation 3.10, we obtain the 
differential equation 



which is obviously similar in form to equation 1. 

Introducing the relation n = o-i/mi given in equation 6.9, equation 4 
leads to the integral relation 


ri log 



(1 + aop/ni)t 

2.303 


(5) 


For ^ that is, for the equilibrium to proceed halfway to its 

final value, the time required is given by the relation 


0.6932ri 

1 + CCQV/fJLi 


(6a) 


_ 0.6932ri 

1 + bPfii, ^ 

and, for ^ 

2.303x1 
" i + bp,i' 


m 

(7) 


Since, as shown in Table 11, ri for adsorption on mica and glass is of 
the order of 10~® to 10*"^ sec, it is evident that for these adsorbents 
equilibrium is attained in considerably less than a second. 

Rates of sorption at constant pressure for ammonia, carbon dioxide, 
sulfur dioxide, and nitrous oxide by glass surfaces have been investigated 
by D. H. Bangham and F. P. Burt.^^® They derived the empirical 
expression 


d log s ^ 1 
d log ^ n 


( 8 ) 


where s = amount adsorbed, and n is a constant. 


Proc. Roy, Soc, London, A, 106, 481 (1924). See also McB, p. 48. 
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Since this relation would indicate an infinite amount of sorption at 
infinite time, the expression used for longer periods is 

log — - — = (9) 

<7 — s 

where <7 is the estimated saturation value. For n = 1, this evidently 
becomes identical with equation 2, while for small values of s and t the 
last equation becomes identical with equation 8. 

The rate of sorption of hydrogen by charcoal at the temperature of 
liquid air has been specially investigated by J. B. Firth^^’^ and J. W. 
McBain.^^^ Both investigators observed that equilibrium is attained 
only after a lapse of many hours. Most of the gas is apparently con- 
densed practically instantaneously on the surface. This is followed by 
a gradual diffusion of the hydrogen into the charcoal, the rate of which, 
as shown by McBain, is in agreement with the laws of diffusion. 

The rate of occlusion of gases by chabasite and other members of the 
zeolite group of minerals has been investigated by R. M. Barrer and 
D. A. Ibbitson.^^® In these minerals, as will be discussed in greater 
detail in the following chapter, the rate of diffusion of molecules along 
pores, or very fine channels, is the controlling factor, as shown by the 
fact that the rate of occlusion depends upon the relative diameters of 
the molecules and the pores, as well as on the external pressure and 
temperature. 

These and similar observations will be discussed more fully in con- 
nection with the remarks on specific adsorbents in the next chapter. 
As Brunauer^^^ observes. 

In general, it seems safe to conclude that in van der Waals adsorption the gas 
molecules are adsorbed as rapidly as they can reach the surface. The slow effects are 
either due to chemisorption, chemical reaction, solution, or to the inability of the 
molecules to get in contact with the surface of the adsorbent. 

A problem of interest in connection with the slow rate of sorption 
which follows the practically instantaneous adsorption as a unimolecular 
layer is the time required for molecules to cover the surface of a pore or 
very narrow channel. If the rate of re-evaporation of adsorbed mole- 
cules is very small, then, as shown by P. Clausing,^^^ the time t necessary 

1*7 z. physih Chem., 86, 294 (1914). 

i**Z. physik. Chem,, 66, 471 (1909). 

1*® Tram. Faraday Soc., 40, 195 (1944). 

SB, p. 8. 

1^1 Ann. Physik, 7, 489, 521 (1930). This reference is mentioned in the publi- 
cation by O. Beeck, A. E. Smith, and A, Wheeler, on catalytic activity, crystal 
structure, and adsorptive properties of evaporated metal films, Proc. Boy. 8oc. 
London, A, 177, 62 (1940-1941). 
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to cover the surface of the pore with molecules is 

3/2 


( 10 ) 


where I = length, a = radius of pore, S = cross-sectional area of a 
molecule, and v = rate at which molecules strike a surface at the pres- 
sure P. 

For instance, let us assume that Z == 0.1 cm, a = 10“® cm, P^ = 1, 
and that the gas is nitrogen at P = 80. Then 

V = 7.41 • 10^^ sec“^ cm”^, 


and 


S = 16.2 • 10~^® cm2, 
i = 8.68 hours. 


Since v varies linearly with P, t for 10 microns would be 52.1 min. 
Thus, for long pores of very small diameter, the time required to saturate 
the walls of these pores may be quite long. 


9. SURFACE OF ADSORBENTS 


As mentioned in a previous section the heat of adsorption for any 
given gas is approximately the same for different adsorbents. Thus 
the only other important factor by which the adsorption on different 
adsorbents can be influenced is the extent of surface per unit mass of 
adsorbent. 

The different methods by which the surface area can be determined 
have been described very comprehensively by Brunauer^^2 ^nd by 
McBain.^^^ In the following discussion three of these methods will be 
described briefly. 

The method developed by F. P. Bowden and E. K. RideaP^^ and by 
Bowden and E. A. O’Connor^^® is applicable only to metals, and is 
described by Brunauer as follows: 


When a metal is made the cathode in a dilute acid and current is passed through 
the solution, the potential changes due to accumulation of hydrogen on the electrode. 
This phenomenon is called polarization. Bowden and Rideal noted that the change 
in potential was proportional to the amount of hydrogen deposited on the electrode, 


A? 


= /c, 


( 1 ) 


SB, Chapter IX, especially p. 282 for quotation. 
McB, Chapter X, p. 325. 

*** Proe. Roy. Soc. London, A, 120, 69, 80 (1928). 
Proc. Roy. Soc. London, A, 128, 317 (1930). 
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where E is the potential, and V the amount of hydrogen on the surface of the cathode. 
They also made the important discovery that K was not dep)endent on the nature 
of the metal but only on its surface area. All liquid metals investigated (mercury, 
amalgamated silver, platinized mercury, liquid gallium, liquid Wood’s metal) re- 
qiured about 6 • 10”’^ coulomb of electricity per square centimeter surface to produce 
a change of 100 millivolts in the electrode potential. It seemed therefore safe to 
assume for all metals that 

KV 

—E = — 1- constant, (2) 

A 

where A is the surface area accessible to hydrogen ions and K/A is a constant for all 
metals. A will be referred to as the true surface of the metal. 

In the electrolytic method of surface determination one measures the quantity of 
electricity necessary to produce a change of 100 millivolts in the electrode potential. 
When this value is divided by 6 • 10""^ coulomb one obtains the ratio between the 
true surface of the metal and its apparent surface. 

Table 24^^® gives values of this ratio for a number of cases, as observed 
by the above-mentioned investigators. 

• TABLE 24 

The Ratio between True Surface and the Apparent Surface or 
That of a Liquid As Found by the Method of 


Electrolytic Polarization 

Surface Ratio 

Platinum, bright foil 2.2 

Platinum, bright foil, cleaned in acid and heated in a flame 3 . 3 

Platinum, platinized 1830 

Gallium, solidifying undisturbed 1 . 7 

Nickel, polished, new 75 

Nickel, polished, old 9.7 

Nickel, activated by alternate oxidation and reduction, new 46 

Nickel, activated by alternate oxidation and reduction, old 29 

Nickel, activated, then annealed, new 10.8 

Nickel, activated, then annealed, old 7.7 

Nickel, repolished and electroplated, new 12 

Nickel, repolished and electroplated, old 9.5 

Nickel, rolled, new 5.8 

Nickel, rolled, old 3.5 

Wood’s metal, solidifying undisturbed 1 . 4 

Wood’s metal, sandpapered 6.3 

Wood's metal, corroded by etching with nitric acid 800-1000 

Silver, freshly etched with dilute nitric acid 51 

Silver, etched with dilute nitric acid, after 20 hours 37 

Silver, finely sandpapered 16 

Silver, ami^amat^, after 1 hour 1.2 

Silver, amalgamated, after 20 hours 1 . 3 

Silver, amalgamated, after 150 hours 1.8 

Arc carbon rod 328^366 

p. 341. 
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A more generally applicable method of measuring the surface area of 
an adsorbent has been developed by S. Brunauer and P. H. Emmett^^^ 
on the basis of their theory of multimolecular adsorption. As shown in 
section 5, their equation for the isotherm leads to a determination of a 
constant Vm, which theoretically corresponds to the volume of gas 



Fig. 23. Determination of the surface area of an iron catalyst by the gas adsorp- 
tion method. The value of at the point B is regarded as that corresponding to 
the volume (cm^, S.T.P.) of a monolayer (Brunauer). 

required to form a unimolecular layer. From a knowledge of the 
molecular cross sections it is thus possible to derive a value for the sur- 
face area of the adsorbent. 

Instead of attempting to determine Vmj Brunauer and his collaborators 
have also used the isotherms directly for a determination of surface area* 
This is illustrated by the adsorption isotherms shown in Fig. 23^^® for 
six different gases on an iron catalyst. As Brunauer points out, 

The isotherms are S-shaped with three distinct regions: the low-pressure region is 
concave to the pressure axis, the high-pressure region is convex, and between the two 
there is a linear portion. ... It will be noted that the five smaller molecules of 
approximately equal size (N 2 , O 2 , A, CO, and CO 2 ) show approximately equal 

For a review of the subject, see also the publication by P, H. Emmett, Ind. 
Eng. Chem., 37, 639 (1945). 

i«SB, p. 286, Fig. 100; J. Am. Chem. Soc., 69, 1653 0937). 
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adsorptions around 50 mm pressure, but at higher pressures the isotherms diverge 
widely. At first it was believed that the extrapolation of the intermediate straight- 
line portion to zero pressure (Point A ) corresponded to the volume of gas necessary 
to cover the surface with a unimolecular adsorbed layer, but later the beginning 
of the straight portion (Point B) was chosen as the most likely point to correspond to 
the monolayer. 

Granted that Point B corresponds to the number of molecules in a 
complete monolayer, the surface area of the adsorbent can then be 
calculated as follows: 


Assuming that the adsorbed molecules have the same packing on the surface as 
the molecules of the solidified gas have in their plane of closest packing, we obtain 
for the area covered by a molecule, 


Area (S) = 


4V3 / M 

2 \W2N^p,/ 


cm®, 


(3) 


where Na is the Avogadro constant, and p, is the density of the solidified gas. 


Hence, 

S = 1.091 cm2 

\Nap,/ 

= 1.530 • 10-‘®(M/p.)^ cm2. 


( 4 ) 

( 5 ) 


The coefficient 1.091 has been designated the ^^packing factor, and, 
as shown by H. K. Livingston, its value varies with the type of 
packing. 

For closest packing, 

\/3 

/S = — 52 = 0.866a2, ( 6 ) 


where h = molecular diameter. Hence, we obtain from equation 5 the 
relations 


a = 1.074 Vs 

/I 

|f\H 


= 1.329 • 10"® f - 

-) 

( 7 ) 

„ irS2 



S = 1.103— • 

4 


(8) 


Brunauer and P. H. Emmett, J. Am, Chem. Soc.^ 67, 1754 (1935). 
P. H. Emmett and S. Brunauer, J. Am, Chem. Soc.^ 69, 1553 (1937). 
J. Am. Chem. Soc.y 66, 569 (1944). 
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That is, the cross-sectional area is 1.103 times the projected area of 
the molecule if it is regarded as a sphere of diameter S. 

The number of molecules which can he adsorbed per square centimeter to 
form a monolayer is given by AT = \/S, and the volume of gas at S.T.P. 
is given by 

= 3.722-^7 (9) 

where S is the area per molecule calculated by means of equation 5 
either from the density of the solid (giving Ss) or from that of the liquid 
(giving Si). 

Table 25 gives values of S and 1/S, as deduced from the values of 
Pa and PI in rows 1 and 4.^®^ The temperatures corresponding to these 
values of the density are given in rows 2 and 5. Row 3 gives the values 
of the lattice constant, a, in centimeters. 

Corresponding values of Ss and Si, and their reciprocals, are given in 
rows 6 to 9 inclusive. For comparison there are also given in row 10 
values of Ns^ derived on the basis of kinetic theory relations from 7?o, the 
coefficient of viscosity at 0° 

Rows 11 and 12 give the values of tbe volume adsorbed per square 
centimeter corresponding to a monolayer as calculated from values of 
1/Sa and of Ns^, respectively. The values in row 11 marked with an 
asterisk were derived from the values of 

Finally, the last row in Table 25 gives values of l/S^, as derived from 
values of the van der Waals constant bo, which are given in the standard 

All the values of the density, with the exception of that for sulfur dioxide, are 
taken from the paper by Emmett and Brunauer, J. Am. Chem. Soc.^ 59, 1663 (1937). 
The value of pi for sulfur dioxide is taken from standard tables. 

Some of the values are taken from Table 1.6. For the following gases the 
values of rjo used for the calculation of are taken from the summary by A. E. 
Schuil, PhU. Mag., 28, 679 (1939). 

Gas: N2O NO SO2 CH4 NH3 CO 

10^i;o: 13.88 17.77 11.68 10.22 9.16 16.69 

It is of interest to observe that Langmuir, J. Am. Chem. Soc., 40, 1361 (1918), 
used the following values of I /S: 

Gas; N 2 O4 A CO CO2 NHg 

10-^V^; 6.6 7.7 7.7 6.6 6.1 6.3 

Also Brunauer (loc. cU.) gives for H 2 O the value S « 11.6 • 10”^® cm*; that is, 
1/^ *8.70 10^1 
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tables. The relation used is 

1 1.695 • 10“ 

& ■ 

For example, for argon, bo = 1.437 • 10~^. Hence Si, == 7.51 • 10“^®, 
1/St, = 13.31 * 10^^ and d = 2.95 • 10“^ 

From the values of Vm, the volume (S.T.P.), adsorbed per gram, as 
determined from the point B in Fig. 23, it is possible to calculate the 
effective surface area. Am, in square meters per gram, of the adsorbent, 
by means of the relation 

Am = 2.687 • lO^^mS. (11) 

Thus, for nitrogen at — 195° C, >S = 16.2 • 10""^® cm^. Hence, 

Am = 4.352i;,n. 

Table 26 gives values of Am, thus deduced from the observed values 
of Vm, for the iron catalyst used in determining the plots in the above 
figure. 


TABLE 26 

Surface Area of Iron Catalyst 


Gas 

Temperature 

of 

Isotherm, ° C 

Boiling 

Point 

of Gas, ° C 

Point B, 
cm® at 0° C 
and 760 mm 

Calculated Area, sq m/g 

Solid Packing 

Liquid Packing 

Nj 

-183 i 

-195.8 

5,5 

0.444 

0.548 

N2 

-195,8 


5.5 . 

.444 

.522 

CO 

-183 

-191.6 

5.7 

.457 

.561 

A 

-183 

-185.7 

5.8 

.435 

.489 

O 2 

-183 

-183.0 

5.5 

.390 

.454 

CO 2 

-78.5 

-78.5 

5.95 

.491 

.593 

C 4 H 10 

0 

-0.3 

2.2 

.411 

.411 


The adsorption method has been used by Brunauer and Emmett as 
well as other investigators to determine surface areas of a variety of 
adsorbents. Table 27 taken from Brunauer^®^ shows that ^^the method 

J. Am. Chem. Soc., 69 , 1553 (1937); SB, p. 298. See also determinations (by 
means of this method) of surface area for * pigments, carbon blacks, cements and 
miscellaneous finely divided or porous materials,^’ by P. H. Emmett and T. DeWitt, 
Ind. Eng. Chem.y Anal. Ed., 13, 28 (1941). Using the same technique, W. R. Smith, 
F. S. Thornhill, and R. I. Bray, Ind. Eng. Chem., 33, 1303 (1941), have obtained 
values for the surface area of carbon black ranging from 15 to 64 m^/g. A com- 



Sec. 9] 


SURFACE OF ADSORBENTS 


461 


is applicable through a 100,000fold variation in specific surface, from 
unreduced Fe 304 to Darco 

Assuming that the adsorbent is constituted of microscopic (or ultra- 
microscopic) spheres of diameter d (in cm), a relation for A (= cm^/g) 
in terms of d and the density, p (g/cm^), is obtained as follows: 

Let n = number of particles per gram. 

A = 

1 

Hence 

^ ( 12 ) 

dp 

For example, the density of activated charcoal^ varies over a con- 
siderable range. Assuming that p = 2 and A =4-10® cm^/g, it 
follows from the last equation that d = 7.5 • 10“^ cm. 

For the measurement of relatively small surfaces, such as those of 
oxide-coated cathodes, L. A, Wooten and J. R. C. Brown^®^ have 
developed a method which represents an extension of that of Emmett 
and Brunauer. Instead of using nitrogen at temperatures such that Fo 
is of the order of 1 atmosphere, these investivators have used butane at 
— 116° C (Po = 0.17 mm), and ethylene at —183° C (Pq = 0.0305 mm) 
and at -195.8° C (Po = 7.3 • 10“^ mm). For ethylene, S = 17.55 • 
lO""^® cm^, and for butane, S = 32.0 • 10“^® cm^. At these low pres- 
sures, it is possible to measure accurately the much smaller quantities of 
gas adsorbed by small areas. The adsorption isotherms obtained by 
plotting V adsorbed versus P/Po resemble those obtained, for large areas, 
with nitrogen at — 195.8° C, and it is possible by application of equation 
5.1 to calculate Vm- In this manner, Wooten and Brown found that, for 
oxide-coated cathodes, the surface areas are approximately 10 cm^ per 
milligram of coating. Areas as low as 10 cm^ could be measured by this 
method. 

Krypton has been used in a similar manner by R. A. Beebe, J. B. 


prehensive review of values obtained for the surface area of colloidal carbons is given 
in Columbian CijUoidal CarbonSy Vol. Ill, 1942, published by Columbian Carbon 
Company Research Laboratories. It is of interest to note that, although the cal- 
culated ^ameters (see equation 12 above) show good agreement in many cases with 
electron microscope observations, there is poor agreement in other cases. 

The value of p for charcoal is discussed in MoB, pp. 79-92. 

J. Am. Ohm. Soc.y 66, 113 (1943), 
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TABLE 27 

Specific Surface Areas of Various Adsorbents 

Specific 

Adsorbent surface, 

sq m/g 

1. FesO 4 catalyst (unreduced) 0.02 

2. Fe catalyst 973, sample I, unpromoted ^ 0.55 

3. Fe catalyst 973, sample II, unpromoted 1.24 

4. Fe catalyst 954, 10.2% AI 2 O 3 11.03 

5. Fe catalyst 424, 1.03% AI 2 O 3 , 0.19% Zr02 9.44 

6. Fe catalyst 931, 1.3% AI 2 O 3 , 1.59% K 2 O 4.78 

7. Fe catalyst 958, 0.35% AI2O3 0.08% K 2 O 2.50 

8. Fe catalyst 930, 1.07% K 2 O 0.56 

9. Fused copper catalyst 0.23 

10. Commercial copper catalyst 0.42 

11. Pumice 0.38 

12. Ni on pumice, 91.8% pumice 1.27 

13. NiO on pumice, 89.8% pumice 4.28 

14. Cr 203 gel 228 

15. Cr203 ^^glowed” 28.3 

16. KCl (finer than 200 mesh) 0.24 

17. CuS 04 - 5 H 20 (40-100 mesh) 0.16 

18. CuSO 4 anhydrous 6.23 

19. Cecil soil, 9418 32.3 

20. Cecil soil colloid, 9418 58.6 

21. Barnes soil, 10,308 44.2 

22. Barnes soil colloid, 10,308 101 . 2 

23. Glaucosil 82 

24. Silica gel I (non-clectrodialyzed) 584 

25. Silica gel II (electrodialyzed) 614 

26. Dried bacteria 0.17 

27. Dried bacteria (pulverized) 3.41 

28. Granular Darco B 576 

29. Granular Darco G 2123 

30. Activated charcoal 775 

31. Lampblack 28 

32. Acetylene black 64 

33. Grade 3 rubber black 135 

34. Carbolac 1 color black 947 

35. Graphite 30 . 47 

36. Cuprene 20.7 

37. Paper 1.59 

38. Cement 1.08 

39. Ti02 7.88 

40. BaS04 4.80 

41. ZrSi 04 2.76 

42. lithopone 34.8 

43. Lithopone, calcined 1.37 

44. Lithopone, calcined and ground 8.43 

45. Porous glass 125.2 
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Beckwith, and J. M. Honig.^^® The saturation pressure of this gas at 
the temperature of liquid nitrogen is about 2 mm. By comparing 
adsorption isotherms for nitrogen and krypton on the same sample of 
Ti 02 , it was. concluded that the cross-sectional area for krypton is 
(19.5 it 0.4) • 10“"^® cm^. From adsorption isotherms for krypton with 
other materials in the range of values of P/Pq below about 0.3, surface 
areas as low as 1.6 • 10“"^ square meter per gram were obtained, as shown 
in the second column of Table 28. The third column gives, for com- 
parison, values obtained with nitrogen. 

TABLE 28 

Surface Areas of Adsorbents 


Square Meters per Gram 


Adsorbent 

Krypton 

Nitrogen 

Marble 

1.69 - 10~* 


Quartz 

3.70- 10-* 


Glass wool 

5.94- 10-‘ 


Cork 

7.10- 10-1 


Cotton 

8.01 • 10-1 


Anatase 

13.92 

13.92 

Porous glass 

110. 

121. 


The B.E.T. method for measuring surface area depends upon an 
experimental determination of the point B on the isotherm (correspond- 
ing to the completion of a monolayer) and on calculated values of the 
number of molecules required to form a complete monolayer per unit 
area; the method described by W. D. Harkins and G. Jura^®^ does not 
require any assumption regarding the cross-sectional area of the ad- 
sorbate molecule. 

These investigators observed that if log {P/Po) is plotted against 
l/v^f where v denotes the amount of gas adsorbed per unit mass of 
adsorbent, a straight line is obtained, and the area per unit mass is 
proportional to the square root of the slope. That is, in the relation 

<>='> 

Afn * ky/c. (14) 

where Am area in square meters per gram, and X; is a constant for any 
/. Am. Chen. Soc., 07, 1854 {1946). 

J. Am. Chem. Soc., 66, 1362 and 1366 (1944); also discussed by P. H. Emmett, 
Ind. Eng. Chem., 87, 689 (1946), J. Am. Chem. Soc., 68, 1784 (1946), and H. K. 
Livingston, J. Chem. Phut., 12, 466 (1944). 
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given adsorbate and approximately independent of the nature of the 
adsorbent. The values obtained are: for water vapor at 25® C, fc == 
3.83; for nitrogen at —195.8®, fc = 4.06; forn-butane at 0® C, fc = 13.6; 
and for n-heptane at 25®, fc = 16.9. 

Figure 24, from the publication by Harkins and Jura, shows adsorp- 
tion isotherms of nitrogen at — 195.8® C on some porous solids. Using 



Fig. 24. Nitrogen isotherms on porous solids. The area square meters per 
gram, is given by the relation Am = 4.06\/ c, where c is defined by equation 13 as 
the slope of the linear portion of the plot, and vq denotes the volume adsorbed 
(cm®, S.T.P.) per gram of adsorbent (Harkins and Jura). 

the value fc = 4.06, the areas calculated from the observed values of c, 
beginning at the uppermost plot, are 321, 365, 395, 409, 438, and 455 
square meters per gram. 

Harkins and Jura have shown that the areas calculated for several 
adsorbents by the B.E.T. method are in very satisfactory agreement 
(within 20 per cent) with the values obtained by equations 13 and 14. 

It is of interest to mention that, from a plot of log (P/Po) versus 1 /v^, 
Beebe and his associates found, from their adsorption data discussed 
above, that, for krypton, fc = 4.20 at the temperature of liquid nitrogen. 
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In the methods for measuring surface area of adsorbents proposed by 
E. N. Harvey^®^ and by S, S. Kistler, E. A. Fischer, and I. R. Freeman, 
it is assumed that the S-shaped adsorption isotherm is a combination of 
unimolecular physical adsorption and capillary condensation. ‘‘Even 
though,” as Emmett remarks, “it appears to be fundamentally incorrect 
thus to neglect multilayer adsorption,” the results obtained so far by 
these investigators are in fair accord with those obtained by the other 
two methods discussed above. For a discussion of the considerations 
and mathematical relations underlying these methods, the reader 
should consult either the original papers or the review by Emmett. 
For some of the other methods for determining surface area, such as 
those used by earlier investigators and those involving a determination 
of the heat of wetting, the reader will find comprehensive treatments in 
the works by Brunauer and McBain. 

If physical adsorption [as Brunauer states^®^] were completely non-specific, the 
nature of the adsorbent surface would be entirely immaterial and only the extent of 
the surface area would matter. Whether one measures the adsorption on an ionic 
crystal like sodium chloride, on a semi-conductor like graphite, or on a metallic con- 
ductor like iron, the adsorption per unit surface would then be the same. ... Of 
course, this does not happen. The isotherms do not coincide, because even the 
slight differences in the heats of adsorption bring a certain amount of specificity into 
van der Waals adsorption. 

However, occasionally such non-specificity has been observed, and 
Brunauer cites some observations by V. R. Deitz and L. F. Gleysteen^®^ 
which show that, for twelve different bone chars, the adsorption per unit 
area plotted against relative pressure (P/Po) fall on practically the 
identical curve. 

An illustration of high degree of specificity is shown by the isotherms 
of water on the four ionic adsorbents, Th02, AI2O3, WO3, and Zr02, at 
99 . 4 ° At any given pressure, the amounts adsorbed per cubic 

centimeter of adsorbent are much greater for Th02 than for Zr02 and 
for the other two adsorbents, in the order in which they have been 
given. 

J. Am. Chem. Soc., ft5, 2343 (1943). 

1®^ /. Am. Chem. Soc., 66, 1909 (1943). 

SB, pp. 330. 

J. Research Natl. Bur. Standards, 29 , 191 (1942), RP 1496. 

1 ®® J. N. Pearce and M. J. Rice, J. Phys. Chem., 33, 692 (1929). 
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SORPTION OF GASES BY “ACTIVE? CHARCOAL, 
SILICATES (INCLUDING GLASSES), AND CELLULOSE 

1. PREPARATION AND STRUCTURE OF ACTIVATED CHARCOAL 

The capacity of charcoal for sorption of gases depends both on the 
nature of the source used in the preparation and on the type of heat 
treatment. H. Baerwald^ showed that by heating charcoal above 
500® C its adsorptive power is increased considerably; also that char- 
coal from coconut shell is a much better adsorbent than that from the 
soft part of the nut or from wood. F. Bergter^ measured the rate of 
adsorption of nitrogen, oxygen, and air on coconut charcoal at about 
18° C, and before World War I a number of other investigators, including 
Sir James Dewar, M. W. Travers,^ J. W. McBain,^ I. F. Homfray,^ 
A. Titoff,® G. Claude,^ and others carried out important investigations 
on the sorption of different gases by charcoal, the results of which will be 
mentioned subsequently. However, the incidence of the war in 1914 
and the necessity of developing a highly efficient adsorbent for use in 
gas masks provided a tremendous stimulus to further investigations in 
this field. As a result there was evolved a technique for the production 
of a highly activated form of charcoal, and, furthermore, comprehensive 
studies were carried out on the relation between the structure of the 
adsorbent and its adsorptive capacity. 

The procedure used by McBain and others in preparing coconut char- 
coal was as follows: The soft part was heated in a muffle furnace for 
several hours at just below a red heat, until no more evolution of vapor 
could be observed. Then the temperature was raised to a dull red heat 
for 30 sec. Before use as an adsorbent the charcoal would be heated to 
440° C for several hours, in vacuo, 

^ Ann. Physik^ 23, 84 (1907). 

2 Ann. Physik, 87, 472 (1912). 

® Proc. Roy. Soc. London^ A, 78, 9 (1907). 

^ Phil. Mag., 18, 916 (1909). 

® Z. physik. Chem., 74, 129 (1910). 

* Z. phyaik. Chem., 74, 641 (1910). 

7 C<mpt. rend., 168, 861 (1914). 


466 



Sec. IJ 


STRUCTURE OF ACTIVATED CHARCOAL 


467 


H. B. Lemon® observed in 1915 that different samples of charcoal made 
from the same source (coconut shell) showed very wide variations in 
sorptive power. It was found that this was due to variations in heat 
treatment, and that increased activation could be produced by repeated 
evacuations at 650® C, each evacuation being followed by sorption of 
air at the temperature of liquid air. On the other hand, a decrease in 
sorptive capacity resulted from heating the charcoal to as high as 
800® C to 900® C during evacuation. 

The theory was advanced that the successive sorptions of air oxidize 
non-volatile hydrocarbons present in the charcoal. As a result, an air 
process of activation was evolved which, as described by F. M. Dorsey,® 
consisted essentially of the following operations: (1) initial distillation 
of cracked coconut hulls to a temperature of 850® C to 900® C, and 
(2) “air treating” this carbonized material, screened 6 to 14 mesh, at 
350® C to 400® C, for a certain length of time. 

The essential characteristics of an active charcoal, according to Lamb, 
Wilson, and Chaney,® are (1) high and fine-grained porosity, (2) the 
presence of amorphous base carbon, (3) freedom from adsorbed hydro- 
carbons. 

To secure these objects it is necessary to use dense woods, carry out 
the distillation at relatively low temperatures, and then oxidize the 
hydrocarbons without injuring the carbon base to any measurable 
extent. “The permissible range of temperatures for the latter operation 
is a relatively narrow one, only about 50 to 75®.” For air oxidation this 
lies between 350® C and 450® C. Subsequently a steam process of 
activation was adopted, and for this reaction the optimum temperature 
is between 800® C and 1000® C. Other methods of activation have been 
used in Europe. All these processes yield charcoal which is much more 
active than that obtained by the simple distillation process used at one 
time. 

From a study of the slope of the vapor pressure curves of liquids adsorbed upon 
such charcoal, the indications are that the pores have, if a cylindrical form be assumed, 
an average diameter of about 5 • 1(1“^ cm. On this basis, 1 cm® of active charcoal 
would contain about 1000 sq m of surface. 

8 PhyB, Rev., 14, 281 (1919). 

® The results of the investigations on this subject carried out by the Chemical 
Warfare Service, U. S. Army, have been published mainly in the following papers: 

A. B. Lamb, R. E. Wilson, and N. K. Chaney, /. Ind. Eng. Chem., 11, 420 (1919), 
on gas mask absorbents. 

F. M. Dorsey, J. Ind. Eng. Chem., 11, 281 (1919), on the development of activated 
charcoal. 

N. K. Chaney, Trane. Am. Eleclrochem. Soc., 86, 91 (1919). The writer is in- 
debted to these publications for the information on the properties and preparation of 
activated charcoal. 
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The density of activated charcoal from coconut shells is about 0.4. 
Hence 1 g would contain about 2500 sq m of surface. Assuming that the 
clean-up by charcoal is due to a condensation of gas molecules on the 
surface, and that the diameter of a hydrogen molecule is about 2 • 10~® 
cm, it would require approximately 2000 cm^ (measured at 0® C and 
760 mm) to cover the surface of 1 g of charcoal. Compared with this 
the adsorptions obtained by Homfray, Titoff, and Firth, even at atmos- 
pheric pressure, are very low, which may be accounted for partly by the 
smaller porosity of the charcoal used by them. 

It is of interest in this connection to mention a theory regarding the 
structure of charcoal which has been advanced by N. K. Chaney. 
According to this theory, 

elementary carbon (other than diamond and graphite) exists in two modifications, 
“active'^ and “inactive’^ or alpha and beta. All “primary” amorphous carbon con- 
sists essentially of a stabilized complex of hydrocarbons, adsorbed on a base of 
“active” or alpha carbon. The active modification is formed whenever carbon is 
deposited at relatively low temperatures by chemical or thermal decomposition of 
carbon-bearing materials; in general below 500° C to 600° C. The inactive modifi- 
cation results from similar decomposition at higher temperatures, in general above 
600° C to 700° C. The temperature at which molecular carbon is set free is appar- 
ently the controlling factor in determining whether it is of the active or inactive 
variety. 

The active form is characterized by a very high specific adsorptive 
capacity for gases. Chaney distinguishes between the true adsorptive 
capacity characteristic of the active form and a capillary capacity by 
virtue of which gas is taken up in pores formed by the loosely bound 
structure which results from carbonization of any carbon-bearing mate- 
rial, and he differentiates these as follows: On saturating an adsorbent 
and then noting the rate at which the gas is removed, it is observed that 
the portion adsorbed in capillary spaces is given off readily while that 
adsorbed specifically is given off very slowly. 

The weight of gas retained, after rapid weight loss has ceased, called the “retentivity” 
of the adsorbent, is a measure, therefore, of the proportion of active carbon present, 
in a given weight of adsorbent. This test applied to pre-war charcoals shows that 
their adsorptive capacity is almost wholly capillary and dependent upon the physical 
structure left by distillation in the primary carbon. In general even this capacity is 
extremely small compared with present standards. 

The observation made by McBain that the sorption of hydrogen by 
ordinary charcoal at low temperatures occurs in two stages finds an 
explanation from this point of view. The major portion of the gas is 
taken up very rapidly, while a residual portion requires quite an interval 
of time to condense. 


Loc. cit. 
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The problem in preparing active charcoal, according to Chaney, 
therefore consists in devising some method that will get rid of the 
hydrocarbons adsorbed specifically by the active carbon at the instant 
of formation. This adsorbed gas forms quite stable complexes with the 
carbon base and constitutes the product which he designates as primary 
carbon, ‘^because it is the original product first occurring in low-tempera- 
ture distillation of carboniferous material.*' The methods of preparing 
active charcoal by oxidation with steam and other schemes therefore 
have for their purpose the removal of these adsorbed hydrocarbons. 

In discussing the mechanism of the capillary and specific adsorptions, 
Chaney remarks: 

The simplest theoretical assumption is that capillary adsorption is the filling of 
actual cells with liquid due to lowered surface tension, and depeftdent upon the size 
of capillaries, i.e., the physical structure of the absorbent only. The specific capacity 
has been assumed to represent a field of force — probably due to unsaturated valences 
— which is independent of a grosser physical structure of the absorbent, i.e., it 
represents adsorption on a plane surface. 

In view of his theory, discussed in the previous chapter, that true 
adsorption consists in the formation of a monolayer, Langmuir has 
pointed out^^ that 

truly porous bodies, such as charcoal, probably consist of atoms combined together 
in branching chains of great complexity. The fibers of cellulose from which charcoal 
is usually formed consist of practically endless groups of atoms 

H H H H 
— C— C— C— C— 

O O O O 
H H H H 

held together by primary valences in the direction of their length and by secondary 
valence in the transverse directions. When the hydrogen and oxygen atoms are 
driven out by heat, the carbon atoms for the most part remain in their chains, but 
a certain number of cross linkages occur between these chains. The porosity of the 
charcoal thus undoubtedly extends doum to atomic dimensions. The unsaturated state 
of the remaining carbon atoms explains the practical impossibility of removing the 
last traces of oxygen and hydrogen from any form of amorphous carbon. 

Hence it is evident that, with a structure of this kind, it is meaningless to talk 
about the surface on which the adsorption can take place. 

On plane surfaces the maximum adsorption would correspond to a 
layer one molecule deep; but in the case of charcoal, there is no definite 
surface that can be covered by a unimolecular layer. The atoms of 
carbon would be separated by spaces which might hold one or more 
molecules of the gas, and, on the other hand, these spaces might be too 
small to hold even one molecule. 

J, Am. Chem. Soc., 38, 2221 (1916). 



470 


SORPTION BY CHARCOAL. GLASSES, CELLULOSE [Chap. 8 


It will be observed that Chaney agrees with Langmuir in concluding 
that the specific absorptive capacity of activated charcoal is a measure 
of the amount of gas condensed as a unimolecular layer. 

H. Briggs, as a result of his investigations on the adsorption of gas 
on charcoal and silica gel, concludes that, while the chemical char- 
acteristics of a material affect its properties as a gas-adsorbent, there 
are, with any given material, two factors which also influence the 
adsorptive power: *^{a) the degree of canalization of the substance, 
i.e., its porosity on the microscopic or ultramicroscopic scale, and (b) the 
degree of porosity on the molar scale.” From the measurements on the 
size of the pores made by Lamb, Wilson, and Chaney, which have 
already been mentioned, Briggs infers that ‘*the greater part of the 
internal gaseous space of an efficient adsorbent consists of passages 
which are not greatly larger than the gas molecules.” According to his 
view, Chaney’s assumption of the existence of two allotropic forms in 
active charcoal is not sufficiently supported by the experimental evi- 
dence, and he concludes that the efficiency of activated charcoal is due 
to the presence of the molar interstices. 

H. H. Sheldon^ ^ has shown that, although ordinarily nitrogen is more 
readily adsorbed on charcoal than hydrogen, it is possible by suitable 
treatment to produce a charcoal in which the relative adsorptive capac- 
ities for the two gases are reversed. He has also observed that evacua- 
tion of charcoal at 600° C followed by adsorption of oxygen at low 
temperatures, and this again by re-evacuation at the higher tempera- 
ture, leads to considerable improvement in the adsorptive capacity of 
charcoal. 

J. C. Philip, S. Dunnill, and 0. Workman^^ have made similar obser- 
vations with wood charcoal. The greater the facilities for the access 
of air to the material during heating, the greater the resulting increase 
that was obtained in the sorptive power. They also observed that the 
increased activity was accompanied by a decrease in bulk density, 
indicating, according to Briggs, an increasing degree of ^^molar” porosity. 

These observations are in accord with results obtained in this labora- 
tory. A given sample of charcoal shows marked improvements as a 
clean-up reagent in high-vacuum work after it has been evacuated and 
saturated with gas several times in succession. 

It should be mentioned in this connection that A. Magnus and H. 
Kratz^® have developed a method for the purification of charcoal by 

Proc. Roy, Soc, London^ A, 100, 88 (1921-1022). 

^ Loc, cit, 

Phya. Rev,, 16, 166 (1920). 

Trans, Chem, Soc. London, 117, 362 (1920). 

Z. anorg, Chem., 184, 241 (1929). 
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which a material free from oxides may be obtained. B. Bruns and 
A. Frumkin^^ have also described a method for obtaining ash-free char- 
coal in which very pure sucrose is used as starting material. The char- 
coal obtained by charring the sucrose in a silica dish is activated by 
heating for 4 to 5 hours at 1100° C, in a current of carbon dioxide. 

In general, a preliminary sorption of the gas followed by desorption at 
relatively high temperatures, ranging from 500° C to 800° C, improves 
the sorptive capacity for the particular gas. This is prpbably due to 
elimination of other gases that may be present in a sorbed condition in 
the adsorbent. 

The effect of activation on a number of charcoals is shown by the 
data in Table 1, which were obtained by M. E. Barker.^® The most 
important result is that shown in the second column, viz., the increase 
in surface. Furthermore, true density and pore space are increased by 
activation. 


TABLE 1 

Effect of the Activation op Chakcoal on Pore Space 


Charcoal 

Adsorp- 
tion of 

ecu, 

mg 
per g 

Gran- 

ule 

Den- 

sity, 

g/cc 

True 

Den- 

sity, 

Vol- 

ume, 

cc/g 

Charcoal 

Sub- 

stance, 

Pore 

Space, 

cc/g 

Pore Space 
FiUed by 
Adsorbed CCI 4 


g/cc 

cc/g 

cc/g 

% 

Primary coconut 

47 

wim 

1.46 

1.04 

0.685 

0.355 

0.032 

9.1 

Activated coconut 


0.84 

2.15 

1.19 

0.465 

0.725 

0.420 

58 

Primary ironwood 



1.46 

1.123 

0.685 

0.438 

0.020 

4.6 

Activated ironwood 



2.16 

1.39 

0.465 

0.925 

0.774 

83.6 

Primary lignite 



1.43 

0.92 


0.220 

0.020 

9.1 

Activated lignite 

640 


2.15 

1.12 

0.465 

0.655 

0.426 

65 

Extremely acti- 
vated lignite 

2716 

0.31 

2.15 

3.23 

0.465 

2.765 

1 

1.81 

65 


Barker^* has also discussed at length the relation between the effect 
of nature of source and type of treatment on the sorptive capacity. 
Specific mention is made of observations made by H. Briggs*® on the 
sorption by various charcoals of nitrogen and hydrogen, which are 
shown in Table 2. The table gives the volumes (cm®, S.T.P.) per 
gram charcoal adsorbed at 1 atm pressure. 

« Z. phytOc. Chem., A, 141, 141 (1929). 

J. Ind. Eng. Chem., 32, 926 (1930). 

** See remarks, McB, Copter IV, p. 68. (The notation McB is explained in 
footnote 1, Chapter 7.) 

Proe. Boy. Soe. London, A, 100, 58 (1921). McB, p. 79. 









472 


SORPTION BY CHARCOAL, GLASSES, CELLULOSE [Chap. 8 


TABLE 2 

Values of vq for Adsorption of Nitrogen and Hydrogen by Charcoal at 
Liquid- Air Temperature and Atmospheric Pressure 


Substance 

N2 

Ha 

Coconut charcoal (activated by steaming) 

247 

127 

Birch charcoal (activated) 

x202 

123 

German impregnated charcoal 1918 

303 

63.8 

Briquetted coal, charcoal, and dusts 

206 

96.7 

Cleveland (U. S.) activated anthracite 

89.7 

56.3 

Colloidal silica (Briggs) 

376 

51.6 


2. SORPTION DATA AT HIGHER PRESSURES 

Most of the investigations on the sorption of gases by charcoal have 
been concerned with sorption at pressures above 1 mm, and there are 
relatively few published data on sorption at the lower pressures. Though 
such data are discussed in the next section, it is of importance to review 
those obtained at higher pressures. 

The adsorption data obtained by K. Peters and K. WeiP^ have been 
mentioned at the beginning of the previous chapter in connection with 
the application of the Freundlich or parabolic equation for the isotherms. 

From the values given in Table 7.1 for the constants k and 1/n, we 
deduce the values given in Table 3 for the sorptions at the temperatures 
for which the isotherms were observed. In this and the following 
tables, the values under correspond to the volume (cm^ per gram 
charcoal) measured at 0° C and 760 mm (S.T.P.). 

TABLE 3 

Sorption of Rare Gases by Charcoal at Low Temperatures 

Vo at P mm ~ 


Gas 

fO 

1 

10 

Argon 

-80.2 

0.5 

4.37 


-18.0 

0.076 

0.764 


0 

0.058 

0.581 

Krypton 

-79.7 

2.93 

15.03 


-18.0 

0.497 

3.81 


0.0 

0.340 

3.40 

Xenon 

-80.5 

15.99 

59.98 


-18.0 

2.458 

12.10 


0 

1.583 

9.32 

Z, physik. Chem,, A, 148, 

1 (1930). 
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As will be observed, the sorption at any given temperature increases 
with increase in boiling point of the liquefied gas. 

Data on the sorption of the more common gases by charcoal have 
been published by Miss I. F. Homfray,^* A. Titoff,^® and L. B. Richard- 
son.®^ Tables 4 and 5 give a survey of the observations made by the 
first two of these investigators. From the plots of the values of 
given in the third column of each set of data, against Pmm it is possible, 
as shown in the previous chapter, to deduce values of the adsorption 
constants v, and b in the hyperbolic equation 


vJfPmm 

^ + bP„m 


( 1 ) 


These are given in Table 6. The values marked by an asterisk for 
the corresponding temperatures are based on the values, calculated by 
H. Zeise,®® of the constants ci and ca in the relation 


X = 


C1C2P 
1 + C 2 P 


( 2 ) 


where x = milligrams per gram, at pressure P in centimeters. For the 
other sets of data the values of the sorption constants have been cal- 
culated by the writer from the most satisfactory plots of Pmmivo versus 
Pmm- 

From these values of the sorption constants the values of !;o have 
been deduced as shown in the last two columns of Table 6 for Pmm = 1 
and Pmm = 10, respectively. 

It will be observed that for hydrogen at — 79° C and 0° C, and for 
argon at — 190° C, the data are in approximate agreement with Henry’s 
law. 

For those sorption data which could not be at all fitted by the hyper- 
bolic equation, values of vq for the two pressures have been obtained by 
an approximate interpolation. It should also be stated that in general 
the observed values of Pmm/vo at pressures below 10 mm are lower than 
those deduced from the linear plots for the. higher pressures.; Hence, 
the values of vo for this range of pressures are actually greater than those 
given in the last two columns. 

However, the values of Vo serve to provide a comparison between the 
behavior of different gases at the same pressure, and they also indicate 

** Z. phynk. Chem., 74, 129 (1910). 

** Z. physik. Chem., 74, 641 (1910). 

J. Am. Chem. Soc., 89, 1829 (1917). 

*“Z. phynk. Chem., A, 186. 3M (1928); A, 188, 289 (1928). 
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TABLE 4 


Sorption Data for Acttivated Charcoal (Homfray) 


Ptnm 

VO 

PmmfVQ 

Pmtn Vo 

Pmm/Vo 

Pfnm Vo 

Pmm/Vo 

Helium, — 190° C 


Nitrogen — 190°C 

Carbon Monoxide, 0° C 

120 

0.337 

356 

13 

52.4 

0.248 

309 

8.47 

36.5 

171 

0.466 

367 

22 

61.8 

0.348 

540 

12.85 

42.0 

235 

0.809 

290 

33 

80.7. 

0.409 

713 

17.43 

40.9 

427.6 

1.167 

366 

343 

90.4 

3.796 

882 

17.64 

50.0 

705.0 

1.839 

383 


-78.5° C 



20° C 



Argon, -“190°C 

14 

5.06 

2.77 

123 

2.36 

52.1 

4.6 

15.9 

0.289 

46 

14.27 

3.15 

300 

5.20 

57.8 

17.0 

66.4 

0.256 

135 

23.61 

5.72 

495 

7.83 

63.2 

379 

77.7 

0.488 

253 

32.56 

7.77 

856 

11.81 

72.5 

410 

93.5 

0.439 

518 

40.83 

12.69 











Carbon Dioxide 


-128°C 



0°C 



0°C 


4.0 

3.82 

1.047 

72 

1.53 

47.10 

60 

21.2 

2.83 

6.0 

5.12 

1.170 

173 

3.61 

47.92 

87 

26.4 

3.30 

12.8 

9.92 

1.283 

229 

4.39 

52.22 

123 

32.2 

3.82 

13.4 

13.05 

1.028 

312 

5.94 

52.55 

179 

38.6 

4.65 

19.4 

15.91 

1.220 

510 

8.57 

59.53 

242 

38.1 

6.35 

27.0 

19.23 

1.404 







36 

25.08 

1.435 


Carbon Monoxide 


20° C 


97 

48.8 

1.99 


-78. 5° C 


20 

4.86 

4.12 

i2S 

57.8 

3 95 

6 

6.2 

0.96 

29 

6.58 

4.41 

360 

64.3 

5.59 

30 

17.3 

1.74 

63 

12.8 

4.91 

790 

76.9 

10.27 

40 

20.9 

1.91 

85 

15.7 

5.43 




72 

27.7 

2.60 

128 

21.0 

6.09 


-78.5° C 


117 

34.1 

3.43 

186 

26.1 

7.11 

8 

1.28 

6.27 

148 

34.3 

4.32 

288 

31.9 

9.04 

19 

3.77 

5.04 

187 

40.5 

4.62 

374 

38.2 

9.79 

24 

5.09 

4.71 

228 

46.7 

4.88 

500 

44.3 

11.30 

54.2 

10.02 

5.41 

442 

53.1 

8.32 


Ethylene, 0° 


98.4 

15.56 

6.46 



C 

129 

18.81 

6.85 


-33.7°C 


70 

39.5 

1.77 

218 

24.84 

8.78 

101 

9.2 

11.0 

93 

42.8 

2.17 

295 

29.14 

10.13 

188 

14.5 

13.0 

168 

49.9 

3 37 

564 

39.88 

14.15 

320 

19.6 

16.4 

319 

56.5. 

5.65 

758 

47.47 

15.96 

430 

22.6 

19.0 

616 

64.5 

9.56 




540 

25.6 

21.1 





-37° C 


670 

28.3 

23.6 


20° C 


309.6 

11.98 

25.85 




15 

10.4 

1.45 

417 

14.41 

28.94 


o 

G 

a 


32 

20.8 

1.54 

568.4 

17.23 

32.98 

73 

2,53 

28.9 

52 

25.6 

2.03 

815 

22.15 

36.81 

180 

5.57 

32.3 

79 

30.5 

2.59 
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TABLE 

4 {Continued) 




Vo 

^mw/Vo 

Pmm 

VO 

I^mm/vo 

Pmm 

Vo 

P ffMTl/VO 


Ethylene, 20® C 

Methane, — 

18° C 


Methane, 0° 

C 

171 

39.2 

4.37 

70 

12.5 

5.60 

358 

22.3 

16.1 

220 

42.4 

5.19 

103 

15.8 

6.51 

451 

25.3 

17.8 

388 

49.1 

7.90 

151 

19.6 

7.71 

578 

28.4 

20.4 

685 

55.2 

12.41 

190 

22.9 

8.31 

702 

31.0 

22.5 




242 

26.1 

9.29 





Methane, 

-33° C 

311 

29.4 

10.6 


20° C 


36 

12.6 

2.85 

393 

32.4 

12.1 

40 

2.7 

14.1 

53 

16,0 

3.31 

484 

35.4 

13.7 

69 

4.3 

16.0 

76 

19.9 

3.82 




127 

7.2 

17.7 

102 

23,2 

4.40 


0°C 


248 

11.9 

20.9 

132 

26.5 

4.98 

67 

7.4 

9.1 

355 

15.0 

23.7 

171 

29.9 

5.72 

134 

12.3 

10.8 

497 

18.4 

26.9 

215 

33.1 

6.50 

191 

15.2 

12.6 

640 

21.3 

30.0 

270 

36.2 

7.43 

274 

19.1 

14.3 

795 

24.2 

32.9 


the variation with temperature. Comparing the data obtained by 
Homfray with those obtained by Titoff, it is seen that, for the same gas 
at any given temperature and pressure, the values of t>o deduced from 
Homfray’s data are somewhat larger than those deduced from Titoff’s 
data. Richardson’s values of t>o tend to be lower than those observed 
by Titoff. These results indicate the variations to be expected from 
different samples of charcoal. 

More recent data on the sorption of the more common gases by char- 
coal, at very low temperatures, have been obtained by S. Brunauer and 
P. H. Emmett.^® Figure 1 taken from their paper shows the actual 
isotherms, while Fig. 2^^ gives plots according to the hyperbolic equa- 
tion. Table 7 gives values of v, derived from these plots by Brunauer 
and Emmett and the corresponding values of the surface area per gram 
for both solid and liquid packing. 

From these values of i>, and the plots in Fig. 2, values have been 
calculated by the writer for b, and vq for 1 mm and 10 mm, which 
are given at the end of Table 6 below. It will be observed that the 
values of the sorption obtained by the more recent investigators do not 
differ radically from those obtained, under similar conditions of tempera- 
ture and pressure, by the earlier investigators. 

It will be observed from the data given in Table 7 that the values of 
the surface area deduced from the different isotherms are in very good 
agreement. In fact, as Brunauer and Emmett point out, “If the 

” J. Am. Chem. Soc., 69, 2682 (1937). 

^ SB, p. 41. (See footnote 1, Chapter 7, for meaning of SB.) 
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Fig. 1. Low-temperature adsorption isotherms on charcoal 
(Brunauer and Emmett). 



0 200 400 600 800 1000 


Pressure in millimeters 

Fig. 2. Adsorption isotherms on charcoal (from Fig. 1) plotted according to the 
hyperbolic equation (Brunauer). 
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TABLE 5 

Sorption Data for Activated Charcoal (Titoff)* 


Pmm 

Vo 

Pmm/VQ 

Hydrogen, — ' 

78. 6° C 

7.9 

0.059 

134.8 

19.0 

0.148 

128.4 

67.6 

0.531 

127.1 

141.9 

1.121 

126.3 

236.9 

1.892 

125.2 

347.9 

2.787 

124.4 

471.8 

3.607 

130.7 

561.9 

4.276 

131.6 

721.6 

6.414 

133.3 


O^C 


17.4 

0.039 

452.5 

39.3 

0.098 

400.0 

66.9 

0.149 

446.4 

119.4 

0.270 

442.5 

206.9 

0.451 

456.6 

322.8 

0.698 

462.9 

427.5 

0.914 

467.3 

537.3 

1.139 

471.7 

642.1 

1.343 

478.5 

744.2 

1.554 

478.5 


Nitrogen, — 78.6°C 


1.5 

0.145 

10.35 

4.6 

0.894 

5.15 

12.5 

3.468 

3.60 

66.4 

12.04 

5.52 

149.5 

20.03 

7.47 

271.4 

27.94 

9.27 

388.4 

33.43 

11.62 

542.9 

38.39 

14.15 

740.6 

43.51 

17.02 


O^’C 


4.3 

0.111 

38.75 

12.1 

0.298 

40.61 

39.3 

0.987 

39.82 

129.8 

3.043 

42.67 

229.4 

5.082 

45.09 

340.1 

7.047 

48.26 

562.3 

10.31 

54.54 

774.6 

13.06 

59.36 


P mm 

Vo 

Pmm/vo 

Nitrogen, 30° C 

8.6 

0.082 

104.9 

20.3 

0.227 

89.4 

64.5 

0.766 

84.2 

144.6 

1.718 

81.2 

239.6 

2.764 

86.7 

347.6 

3.875 

89.7 

455.4 

4.959 

91.8 

650.0 

6.646 

97.8 

752.3 

7.490 

100.4 

Ammonia, —23 . 5° C 

0.3 

5.496 

0.055 

2.9 

17.17 

0.169 

16.3 

44.97 

0.362 

112.2 

119.3 

0.941 

770.2 

151.3 

5.09 


-23.5° 

C 

2.6 

8.34 

0.30 

26.6 

62.99 

0.42 

389.1 

147.3 

2.64 

536.0 

151.8 

3.53 

790.6 

157.5 

5.02 


0°C 


2.9 

5.41 

0.536 

28.8 

30.16 

0.955 

78.7 

60.39 

1.30 

161.0 

90.29 

1.78 

319.2 

115.7 

2.76 

490.0 

127.1 

3.86 

636.4 

132.4 

4.81 

746.7 

135.9 

5.49 


0°C 


2.6 

5.54 

0.47 

29.1 

30.58 

0.95 

77.5 

60.98 

1.27 

245.6 

107.8 

2.28 

466.0 

126.3 

3.69 

764.5 

135.4 

5.65 


Pmm 

Vo 

P mm/ Vo 

Ammonia, 

30° C 

1.2 

2.62 

0.46 

20.5 

8.64 

2.37 

62.0 

19.81 

3.13 

151.3 

40.43 

3.74 

269.1 

60.02 

4.49 

408.2 

79.97 

5.11 

679.0 

97.63 

6.96 

785.4 

103.5 

7.59 


Carbon Dioxide, 


0.3 

-76. 5° C 

15.26 

0.020 

1.8 

41.51 

0.043 

41.3 

86.74 

0.476 

168.6 

104.1 

1.615 

483.1 

111.5 

4.343 

691.0 

114.1 

6.056 

0.5 

0°C 

0.849 

0.589 

3.2 

3.460 

0.925 

10.9 

8.506 

1.28 

25.4 

15.15 

1.68 

83.0 

27.78 

2.99 

173.5 

39.90 

4.35 

315.9 

50.24 

6.29 

457.2 

56.82 

8.05 

589.1 

61.37 

9.60 

703.2 

64.53 

10.90 

755.1 

65.85 

11.29 

1.3 

30° C 

0.507 

2.56 

5.3 

1.823 

2.91 

14.7 

4.016 

3.56 

50.7 

10.29 

4.93 

138.5 

19.72 

7.03 

283.3 

28.87 

9.81 

398.9 

34.07 

11.70 

498.1 

38.14 

13.06 

621.8 

41.45 

15.01 

758.6 

44.93 

16.89 


* For NHa two sets of data are given for each of the two temperatures. 
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TABLE 6 


Sorption Constants por Charcoal 










t>o for 

P mm ^ 

Source 

Gas 

‘'C 

Vs 

16 (mm 

. hvs 











1 

10 

Homfray 

He 

-190 



2.78* 

10"’ 

2.78 • 10"’ 

2.78 • 10"’ 

Homfray 

n 





3.63 


3.63 

36.3 



-128* 


1.11 

IS 

9.39- 

Wum 

0.93 

8.46 



-78.5* 


3.16 

1 S 


10"*^ 

0.21 

2.00 



-37^ 


Bftgj 

■ 8 

effll 

IBB 

0.047 

0.465 


■ 


41.7 

4.2 


1.75- 

icr’ 

0.0175 

0.174 

Homfray 

N, 

-190 

93.0 

1.0 

i(r‘ 

9.30 


8.45 

46.5 



-78.5 

41.1 

9.7 

10 -s 

4.00* 

10-1 

0.396 

3.65 



0 

10.6 

3.1 

10"’ 

3.28- 

ir’ 

0.033 

0.318 

Homfray 

CO 

-78.5* 

60.5 

1.33- 

10 -’ 

8.04- 

10"‘ 

0.794 

7.10 



-33.7* 

43.0 

2.74- 

10"’ 

1.18- 

10-1 

0.118 

1.15 



O’* 

35.8 

1.01* 

10"’ 

3.62- 

Iff-’ 

0.036 

0.359 



20 

33.9 

6.05* 

10”^ 

2.06- 

10"’ 

0.0021 

0.021 

Homfray 

C 02 



7.25 

10"® 

5.0 ► 

10-1 


4.67 




56.6 

4.53* 

10"’ 

2.56- 



2.45 

Homfray 

CH4 

-33 

56.5 

6.68* 

10"’ 

3.77- 

iff-i 


3.53 



-18 

44.8 

5.58* 

10"’ 

2.50- 

10"* 


2.37 



0 

50 

2.30* 

10"’ 

1.15- 

10"* 

0.115 

1.12 



20 

40 





0.070 

0.689 

Homfray 



67.8 

D 

BB 

!d 



8.71 




56.6 

B 


B 


■Bl 

7.23 

Richardson 

CO2 

-64-* 

110,5 

1.19* 

10"’ 

1.29 


1.275 

11.53 



-43* 

102.8 

8.2 

lOr’ 

8.43* 

10"* 

0.837 

7.79 



0* 

83.7 

3.6 

Iff-’ 

3.03* 

10-1 

0.303 

2.92 



30 

71.4 

1.65* 

10"’ 

1.18- 

10"* 

0.118 

1.16 



70* 

51.8 

9.6 

10"’ 

4.97- 

i(r* 

0.050 

I 0.493 

Richardson 



167.2 


IS 

1.69 


1.673 

15.35 




153,2 

7.02* 

1 s 



1.068 

10.05 




143.1 

2.85* 

1 s 

4.11* 

IBB 

0.410 

i 4.00 



85* 

' 114.0 

6.41* 

Qj 

7.31* 

10"’ 

0.073 

0.725 

Tltoff 

Hj 

-79 




7.69* 

IBB 

HMB 




0 




2.15* 



2.2 • Iff-* 
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TABLE 6 (Continued) 


Source 

Gas 

— 


5 (mm 

hvs 

Vo for Pmm “ 

Hi 


1 

10 





TitofiP 

N, 

~79* 

67.7 




2.14 



0* 

38.0 

6.71 • 10~^ 



0.253 



30* 

35.8 


1.26 • 10-2 


0.126 



80* 

21.9 

2.16 • i(r< 



0.047 

Titoff 

CO 2 

-76.5 

118 

— 

— 

(26) 

(50) 



0 

74 

— 

— 

1.5 

8.0 



30 

51 

— 




3.3 

Titoff 

NHa 

-23.5* 

168.5 

2.14 - KT^ 

3.61 

3.54 

29.74 



0* 

151.2 

1.01 • lOr* 

1.53 

1.62 

13.90 



30* 

130.9 

4.06 • i(r* 

5.31 • 10-* 

0.529 

6.10 



151.3* 

22.9 

1.16 • 10-» 

2.64 • 10-2 

0.026 

0.26 

Brunauer 

N 2 

-183 

173 


2.09 

2.06 

18.60 

and 


-195.8 

181.5 

3.94 • 10-2 

7.15 

6.87 

51.25 

Emmett 

O 2 

-183 

234.6 


7.58 

7.35 

67.25 


A 

-183 

215.5 

2.37- l(r2 

5.10 

4.88 

41.25 


CO 

-183 

179.6 

3.03 • 10-2 

5.45 

5.30 

41.8 


CO 2 

-78 

185.5 

1.17 • 10-2 

2.17 

2.15 

19.45 


* Based on values calculated by means of the constants in Zeise’s equation. 


surface area of the charcoal used in these experiments is taken as 846 sq 
m/g, the maximum deviation from this value is less than 6 per cent.^^ 
In the range 1 to 10 mm, oxygen is adsorbed by charcoal at — 183® C 
in about three or four times as great an amount as nitrogen, and the 

TABLE 7 

Surface Area of Activated Charcoal Derived by B.E.T. Method 

Square Meters 
per Gram 


Qa« 

Temperature, 

®C 


Solid 

Packing 

Liquid 

Packing 

N, 

-196.8 

181.6 

677 

796 

N, 

-183 

173.0 

646 

796 

A 

-196.8 

216.5 

746 

804 

A 

-183 

216.6 

746 

839 

Oj 

-183 

234.6 

767 

894 

00 

-183 

179.5 

666 

820 

CO 

-78 

186.6 

707 

863 
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adsorbing power for air is about three times that for nitrogen. Accord- 
ing to H. B. Lemon and K. Blodgett,^® 

oxygen which boils at — 182.95® C is adsorbed and expelled so much more readily 
than nitrogen, which boils at — 195.8® C, that Dewar, after finding that the gas 
adsorbed by charcoal from air was 57 per cent oxygen, recommended *‘that one of 
the most rapid means of extracting a high percentage of oxygen from atmospheric- 
air is to adsorb it in charcoal at low temperatures and then to expel it either rapidly 
or slowly by heating the mass of charcoal to the ordinary temperature.’’^® 

Lemon and Blodgett found that in a mixture the two gases are not 
adsorbed independently, and that ^‘there is a nearly linear relation 
between the logarithm of the equilibrium pressure and the per cent of 
oxygen in the mixture.” Table 8 shows the values of the final pressure 
obtained under the same conditions from mixtures of the two gases. 


TABLE 8 

Sorption by Charcoal of Mixtures of Oxygen and 
Nitrogen at Liquid- Air Temperature 


% Oxygen 

% Nitrogen 

Final Pressure, mm 

100 


0.0797 

75 

25 

0.240 

50 

50 

0.924 

35 

65 

2.14 

20 

80 

4.89 

10 

90 

8.86 


100 

18.6 


The sorption of oxygen by pure sugar charcoal has been investigated 
by A. Lendle.^® In agreement with a number of previous investigators 
he has observed that the attainment of equilibrium requires considerable 
periods of time. H. S. Taylor^^ has interpreted this slow sorption as 
due to an activation process. 

Table 9 gives sorption data at 0® C and 25® C obtained by Lendle, 
using charcoal which had been degassed for 150 minutes at 780® C. The 
values given were obtained at the end of 90 minutes. Simultaneously 
with the values of voj observations were made in a calorimeter on the 
integral molar heat of sorption, 

28 Phys, Rev., 14, 394 (1919). 

2® It is of interest to observe in this connection that the selective sorption of 
different gases by charcoal may be used for the purification of gases. Thus, where 
it is desirable to obtain pure helium, charcoal in liquid air may be used to remove 
other gases such as nitrogen, oxygen, and even hydrogen. Similarly hydrogen may 
be freed of traces of nitrogen and oxygen. See, for instance, R. E. Wilson, Phys, Rev., 
16, 8 (1920). 

physik. Chem., A, 172, 77 (1935). 

21 J. Am. Chem. Soc., 63, 578 (1931). 
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TABLE 9 


Sorption of Oxygen by Sugar Charcoal 



ore 



25° C 


P mm 

t>o 

Qs 

P mm 

Vo 

Qs 

7.71 • 10“« 

0.303 

67,760 

6.52 • 10-3 

0.248 

79,400 

4.3 • 10"2 

0.474 

51,856 

0.1554 

0.858 

63,060 

0.540 

1.215 

39,000 

0.5664 

1.195 

54,860 

3.020 

2.121 

32,640 

4.658 

2.608 

43,200 

7.732 

3.725 

25,660 

6.116 

2.760 

39,340 

10.29 

4.764 

19,300 

9.40 

4.015 

36,900 

20.8 

8.460 

16,010 

18.20 

6.019 

31,430 

39.7 

13.93 

13,170 

70.90 

10.46 

20,770 

62.2 

20.18 

10,727 

94.1 

17.99 

13,510 

82.0 

25.45 

10,230 

113.8 

18.97 

13,200 


Comparing these values with those observed by Titoff and Homfray 
for nitrogen at 0° C (see Tables 4 and 5), it is obvious that the sorption 
of oxygen by charcoal is considerably higher, especially at very low 
pressures. 

At ->80° C, equilibrium is established very rapidly, but as the tem- 
perature is increased the rate at which equilibrium is reached decreases. 

As will be observed, the heat of adsorption decreases from about 
80,000 cal/mole initially to about 10,000 cal /mole, corresponding to 
the fact that the type of sorption changes from chemisorption to purely 
physical adsorption. 

An important feature of the sorption of oxygen by charcoal, for which 
the change in value of Qs is an explanation, is that, unlike most other 
cases of sorption, it is not reversible. When charcoal which has taken 
up oxygen is heated, only a portion of the gas is recovered as oxygen, 
the remainder being re-evolved as carbon monoxide and dioxide. It 
has been shown by H, H. Lowry and G. A. Hulett^^ that, while some of 
the oxygen is adsorbed on the surface and may be recovered by heating, 
the remainder is attached to carbon atoms by valence forces. It is 
these chemically bound oxygen molecules which can be removed from the 
surface only in the form of carbon monoxide and carbon dioxide, by 
heating the charcoal above 200° C. 

The sorption of water vapor by charcoal exhibits a behavior quite 
different from that observed for the less readily condensible gases. 
Figure 3^^ shows an isotherm for sugar charcoal at 0° C as determined 

/. Am. Chem. /Soc., 42 , 1408 (1920). This paper contains also a large number 
of references to previous literature on this topic. 

1 mg H 2 O * 3.37 • 10^® molecules. 
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by A. S. Coolidge.®* At pressures below about 1.6 mm, the amount 
adsorbed is very small and obeys Henry’s law. Between 1.6 and 2.6 mm, 
the sorption increases very rapidly, and this is followed by very slowly 
increasing sorption until the saturation vapor pressure of water at 0° C 



Fig. 3. Adsorption isotherm for water vapor on sugar charcoal at 0* C (Coolidge). 

(4.68 mm) is reached. A series of isosteres for different values of the 
amount sorbed is shown in Fig. 4. 

Figure 6 shows a series of isotherms at 0® C and 100° C for charcoal 
prepared by different methods. The amounts adsorbed, in milligrams, 
are plotted against relative pressures, P/Po, where Pq denotes the vapor 
pressure for water at the given temperature. The lower of the two 
isotherms designated C represents the same data as shown in Fig. 3, 

« J. Am. Chem. Soc., 49, 708 (1927). 
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while the upper isotherm C represents the sorption data at 100° C. The 
charcoal used for determining these two isotherms was prepared from 
“pure cane sugar recrystallized from conductivity water with the aid of 



Fio. 4. leosteree for the adsorption of water vapor on sugar charcoal (Coolidge). 


alcohol, and charred in a platinum basin at about 1000° C, in a vacuum.” 
The isotherms A A were obtained with untreated coconut charcoal; 
those designated BB were obtained with the same charcoal after treat- 
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ment with hydrofluoric acid to remove mineral ash. In each case, the 
upper curve A (or j5) corresponds to determinations at 100° C, and the 
lower curve A (or B) corresponds to determinations at 0° C. 

As is evident from these isotherms, the adsorption on purified charcoal 
is extremely low for values of P/Po less than about 0.3. Coolidge ex- 
plains this by the hydrophobic nature of carbon; that is, carbon is 
difficultly wet by water. On the other hand, he points out that silica, 



Relative pressure 


Fig. 5. Isotherms at 0° and 100® C for the sorption of water 
vapor by sugar charcoal and coconut charcoal (Coolidge). 


silicates (including glass), and inorganic compounds in general, are 
hydrophilic. “Therefore,^' he states, 

it is not surprising that small amounts of hydrophilic impurities, probably siliceous, 
should exercise a profound influence upon the adsorption of water by carbon at low 
concentrations, and should be able to cause a serious irreversible retention. At 
higher concentrations, where the determining factor is the volume of capillary space 
available, the effect would not be noticed. 

' , A series of isotherms for different temperatures, obtained with the 
sugar charcoal, is plotted in Fig. 6. In this figure, the amounts adsorbed, 
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in milligrams per gram, are plotted against relative pressure. From the 
plots of the isosteres the following values of the molal heat of adsoiption 
were derived: 

Temperature, 

°C; -16 10 40 80 128 187 

Molal heat: 11,100 10,000 9300 8300 7200 5200 

At the lower temperatures the molal heat of adsorption is aboht the 
same as the latent heat of evaporation of liquid water. 

From the data given by Coolidge it would seem that about 10 mg 
H 2 O per gram of charcoal corresponded to a complete monolayer, while 



0 0.1 0.2 0.3 0.4 

Relative pressure 

Fig. 6. Isotherms at a series of temperatures for sorption 
of water vapor by sugar charcoal (Coolidge). 

the maximum amount adsorbed was about 180 mg/g. According to 
the data in Table 7.26, a monolayer of H 2 O corresponds to 2.8 • ICT® 
mg/cm®. It would therefore follow that the adsorbing area of the 
charcoal used by Coolidge was about 350 sq m/g, and that the maximum 
amount adsorbed corresponded to about 18 monolayers. This is in 
qualitative accord with the observation by Lowry and Hulett®® that, 
in the sorption of water by charcoal, the adsorbed water corresponded 
to a layer about 13' molecules thick. From this they conclud^ that 
“water 'vapor is not adsorbed, but is held by capiUaiy action.” 

»»/. Am. CAsm. Soc., 42, 1393 (1920). 
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The sorption of water vapor by activated charcoals has also been 
investigated by A. J. Allmand and his associates,®® both in the presence 
and in the absence of other gases. 

They observed that, after absorption of water, the charcoal retains a 
certain amount (2.3 to 10 mg/g) on desorption. This hysteresis effect is 
illustrated by the data in Table 10 for sorption and desorption at 26® C, 
in which the charcoal had been previously outgassed at 800° C. At 
25° C the saturation vapor pressure of water is 23.756 mm. 

TABLE 10 

Sorption and Desorption op Water for 
Charcoal at 25° C 


Sorption 


Pmm 

Mg H 2 O 
per g 

3.64 

10.6 

9.24 

23.8 

12.79 

44.9 

16.41 

84.0 

18.16 

222.2 

18.40 

345.9 

19.42 

693.0 

23.70 

780.2 


Desorption 



Mg H 2 O 

f*intn 

per g 

18.68 

731.4 

17.35 

659.4 

16.75 

671.6 

16.97 

438.8 


For different temperatures of outgassing, the amount adsorbed, at 
the saturation pressure for 25° C, varied from 285 to 861 mg H 2 O per 
gram, but in all cases a similar difference was observed between the 
sorption and desorption data. 

The adsorption of water vapor on carbon black has been investigated 
by P. H. Emmett and R. B. Anderson.®^ Two commercial varieties of 
carbon black were used. Figure 7 shows results obtained for one of 
these. The specific areas for the original sample and that for the sample 
degassed at 1000° C, as determined by the adsorption isotherm with 
nitrogen at — 196° C, exhibited hardly any change. But the adsorption 
of water vapor was decreased considerably by the degassing treatment. 
In the figure, data indicated by circles were obtained by volumetric 

** P. G. T. Hand and D. 0. Shiels, /. Phy». Chan., 82 , 441 (1929); A. J. Allmand, 
R. Chaplin, and D. O. Shiels, J. Phys. Chan., 33, 1161 (1929); A. J. Allmand and 
P. G. T. Hand, J. Phys. Chan., 83 , 1161 (1929); A. J. Allmand, P. O. T. Hand, J. E. 
Manning, and D. O. Shiek, J. Phys. Chan., 1682 (1^9); A. J. Allmand, P. Q. 
T. Hand, and J. E. Manning, J. Phys. Chan,, 38 , 1694 (1929); 

” J. Am. Chan. Soc., 67 , 1492 (1946). 
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measurements; those indicated by squares were obtained gravimetri- 
cally. Solid circles and squares are desorption points. 

Similar results were obtained with the other sample of carbon black. 
From these observations it is evident that in these cases the heat treat- 
ment, though producing little or no change in specific area of the ad- 
sorbent, did affect its adsorption capacity for water vapor. 



Relative pressure 

Fig. 7. Adsorption of nitrogen at — 196“ C and water vapor at 30“ C on a sample 
of carbon black (Grade 6 Speron) before and after degassing at 1000“ C. Data 
indicated by circles were obtained by volumetric method; those indicated by squares 
were obtained gravimetrically. Solid circles and squares are desorption points. 

(Emmett and Anderson.) 

The sorption of hydrogen by coconut charcoal at the temperature of 
liquid air has been investigated by J. W. McBain*® and J. B. Firth.®® 
In both cases it was observed that equilibrium is attained only after a 
lapse of many hours. According to McBain most of the gas is condensed 
instantaneously on the surface (true adsorption) and this is followed by 
a gradual diffusion of the hydrogen into the charcoal at a rate which 

*»Z. ^ytik. Chm., 68, 471 (1909); FAtf. Mag., 18, 916 (1909). 
pAvw*. CAem., 88, 294 (1914). 
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obeys the regular law of diffusion. This last stage corresponds to 
(interstitial) solution of the gas between the carbon atoms, and McBain 
concludes that this solubility is proportional to the square root of the 
pressure, indicating that the dissolved gas is in the atomic condition. 
Furthermore, McBain concludes that the solubility of hydrogen at liquid- 
air temperature is at least 100 times that observed^ at room temperature. 

J. B. Firth has shown that his equilibrium sorption data are in good 
agreement with a relation of the form 

2;o = (3) 

For P in millimeters and in cubic centimeters at S.T.P. per gram, 
k has the average value 20 cm^/(mm)^. Assuming the validity of this 
relation**^ down to very low pressures, the corresponding equilibrium 
values are found to be those given in Table 11. 


TABLE 11 

Sorption Data for Hydrogen by Charcoal 
AT Liquid-Air Temperature 


P mm 

VQ 

Pmm 


500 

94.6 

10"* 

11.2 

100 

63.1 

i(r® 

6.3 

10 

35.5 

10-* 

3.55 

1 

20 

i(r< 

2.00 


A number of investigators have compared the sorptive capacity of 
graphite with that of coconut charcoal. In the case of carbon dioxide, 
A. Magnus and H. Kratz^^ have observed that the amount adsorbed on 
graphite at any given temperature and pressure is about 1/700 of that 
adsorbed on charcoal. 

Similar observations have been made by H. H. Lowry and S. O. 
Morgan^^ on the sorption of carbon dioxide, nitrogen, and hydrogen by 
graphitic carbon. Even at the temperature of liquid air, the hydrogen 
adsorption is only about Ho of that observed for active charcoal. 

3. SORPTION DATA AT LOW PRESSURES 

Observations on the sorption of gases by charcoal at low pressures 
have been published by J. Dewar, G. Claude, and H. Rowe.^® 

The isotherms plotted by Firth are certainly not in agreement with the hyper- 
bolic equation. 

Z, anarg, Chem,y 184, 241 (1929). 

/. Phys, 29 , 1105 (1925). 

« Proc. Roy. Inst. Gt. Brit., 18, 751 (1907); SB, p. 37. 

**Compt. rend., 158, 861 (1914). 

PhU. Mag., 1, 109, 1042 (1926). 
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Some of the data obtained by Rowe for sorption at room temperature 
are shown in Table 12. 


TABLE 12 


Sorption by Charcoal at Room Temperature (Rowe) 


CO 2 at 16° C 

Nj at 15° C 

. . .. 

Oj at 22® C 


N 

/ 

.N 


1 

P, 

Q* 

P. 

Q* 

Pft 

Q* 

0.326 

5.165 

3.231 

0.1313 

0.136 

2.299 

1.164 

25.21 

5.727 

0.2212 

0.298 

9.204 

4.250 

56.10 

10.88 

0.3145 

0.608 

22.48 

9.989 

75.48 

20.76 

0.7782 

1.011 

39.50 

17.85 

92.70 

45.10 

1.734 

1.830 

76.35 

42.78 

131.2 

99.64 

5.066 

5.921 

203.2 

73.02 

150.5 

117.0 

6.642 

74.49 

670.1 

*q = 

cm® at 1 mm of 

mercury and 15° 

0, 



Vo = 

1.206 • 10-^q = 

cm® at 760 mm and 0® C. 




For carbon dioxide above 1.75 microns, for nitrogen above 30 microns, 
and for oxygen above 4 microns, the data are represented by the Henry- 
Williams equation of the form 

log(^) = ^0 - (4) 

From the data published by Rowe, it follows that, for Pmm = 10~® 
and Pmm — 10“*, the volumes adsorbed at room temperature (measured 
in terms of cubic centimeters at S.T.P.), per gram, are as follows: 



Pmm = 10 2 mm 

Pmm = 10 ^ mm 

CO 2 

0.090 

0.199 

N 2 

0.00036 

0.006 

O 2 

0.360 

0.900 


Table 13 gives the sorption data obtained by Rowe at — 183® C 
(liquid oxygen). For nitrogen and carbon monoxide the observations 
at pressures above about 10“® mm are in good agreement with the 
hyperbolic equation. The values for v,, b, and bv» deduced from the 
data are shown at the bottom of the table. For hydrogen, two series 
of observations were made, and in both series it was observed that to a 
first approximation v varies linearly with P (which is different from the 
result observed by Firth), especially at pressures above 6 • KT^ mm. 
From these data we deduce the equilibrium values (cm®/g at S.T.P.) 
at KT"® mm and KT"* mm, which are given in Table 15. 

As will be observed, the values of PmmM for the low-pressure range 



TABLE 13 

SoRpnoN BY Activated Charcoal at —183® C (H. Rowe) 
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are greater than those deduced from the values of Va and b given at the 
bottom of the tables. However, in view of possible experimental errors 
involved in the determination of both Pmm and Vq in the low-pressure 
range, the values of the constants in the hyperbolic equation were 
actually deduced by the writer from the determinations in the higher- 
pressure range. 

Table 14 gives sorption data for nitrogen, hydrogen, and neon obtained 
by Claude. In the case of helium, the volume sorbed at 27 mm and 
~ 195.5° C was 0.21 cm^/g. 

From the plot of Pmmivo versus Pmm for hydrogen, the values of Va 
and b shown at the bottom of the table were deduced. These were used 
to calculate values of vq for the range Pmm * 10”^ to 1, which are given 
in Table 15. In the case of neon, t;o = 0.222Pt»m, and, since the data 
for nitrogen could not be fitted by a hyperbolic type of equation, the 
values given in Table 15 were obtained by interpolation. 

For comparison. Table 16 gives values observed by Dewar for the 
pressures corresponding to different amounts of sorption of hydrogen 
and nitrogen by 25 g of charcoal at the temperature of liquid air. 

All these observations agree in the conclusion that nitrogen (or air) 
is sorbed by charcoal at liquid-air temperature to a considerably larger 
extent than hydrogen. 

In this laboratory, H. Huthsteiner has measured the adsorption of 
nitrogen and hydrogen by activated charcoal at — 195,8° C. The char- 
coal was heated during exhaust to about 500° C, and after the McLeod 
gauge indicated an extremely low residual pressure the charcoal tube 
was immersed in liquid nitrogen and successive known amounts of the 
gas were admitted. In less than 5 minutes equilibrium was attained 
and the pressure noted. 

For hydrogen, over the range 0 to 250 microns, the volume adsorbed 
per gram of charcoal (S.T.P.) was found to be in agreement with the 
relation 

Vo ^ 1.6 • IQT^P^. 

For nitrogen, the following data were obtained: 

1 2 3 4 6 

t^o: 4 16 30 46 60 

A comparison with the data in Table 13 shows the effect of the lower 
temperature in increased amounts adsorbed. 

For application of data such as those given in Table 15, in vacuum 
technique, in the manner discussed in the following section, it should 
be observed that 1 atm • cm^ « 760 micron • liters, that is, 1 micron • 
liter corresponds to Vq « 1.316 • ICT®. 



TABLE 14 


12 


SORPTION BY CHARCOAL, GLASSES, CELLULOSE [Chap. 8 


O 




Th lO 


I 


§ ~ Si 9 3 a 3 « Si S S S 

ddddd»-trHc4co'^‘coo6 


I ^88gl SliOCOC^COUDTtJiOiO 


I 

S 

H 

> 

5 


O 

o 


oodooooo»H55cco 


t>. lO <3i 00 
lO »o ^ 


ddddc^icood^gogcgg 


^ I 
*es ^ 

S I 

c.) ' 
0 

S' 

II 


— lo 

l> O Q 

r-l 5 iS CO 

ddddddd^cooogd 


I T-< O CO 
' ^ W 00 

I o o o 


t 

B 

<1 

n 

z 

p 


« 


O 


lo 


y y 


a!s^JgS§8S§§§ 

’^’dodtHco^dd 


d cm’ 


»C o 

00 Tji CO 


^ O CM < 

I isss 

ft; dddddrHi-J 


2 S CM 


60 

o 

a 

o 


“^ssss^ssssas - 

rH i-< t -4 II 





Sec. 4] 


USE OF CHARCOAL AT LOW TEMPERATURES 


493 


TABLE 15 

Sorption by Activated Charcoal at Low Pressures and 
Very Low Temperatures 

Vo for Pmm = 


Investigator 

fQ 

Gas 

10-2 

10-1 

1 


Rowe 

-183 

H2 

0.10 

1.00 

10.00 

First scries 




0.196 

1.96 

19.60 

Second ^ries 


-183 

Nj 

50.65 

82.7 

88.3 



-183 

CO 

78.6 

109.6 

114.0 


Claude 

-195.5 

H2 

0.181 

1.77 

14.2 



-182.5 

N2 

18.7 

47 

65 



-195.5 

Ne 

0.002 

0.022 

0.22 



TABLE 16 

Values of Pressure for Different Amounts of Sorption 
Observed at T - 90 (Dewar) 

Equilibrium Pressure, mm 


Volume per 25 g 
0 
5 
10 
15 
20 
25 
30 
35 
40 
130 
500 
1000 
1500 
2500 


For hydrogen 
0.00003 
.0228 
.0455 
.0645 
.0861 
.1105 
.1339 
.1623 
.1870 


For nitrogen 
0.00005 


.0010 

.00314 

.01756 

.02920 

.06172 


4. USE OF CHARCOAL AT LOW TEMPERATURES IN HIGH-VACUUM 

SYSTEMS 

From the sorption data given in the previous section it is possible to 
calculate the reduction in pressure that should be obtained by means of 
charcoal at very low temperature connected to the system. 

Let V = volume, in cm®, of system. 

w * weight of charcoal in g. 

Pmmi *= initial pressure. 

= equilibrium pressure after immersing charcoal tube in low- 
temperature bath. 

V = volume adsorbed (cm® at S.T.P.). 
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Evidently, 


yPmmi 

760 


VP mm2 

760 


+ V 


T TT* wbVgP mm2 j r> n 

^ and Pmml > Pmm2, 

I ^ 01' mm2 

1 _ 760wbvB ^ 

P mm2 VPmml 


( 1 ) 


( 2 ) 


II. For V = kwPmmt 

p _ VPmml / I 

760 VF/760 + kw 

Let us assume that V = 1000 cm^, Pmmi = 100 • 10““®, = 1, and 

/ = — 183° C. Using the values of the constants Vg and b obtained by 
Rowe (see Table 13), it is found that, for nitrogen, Pmm 2 = 0.012 • 10““®, 
while for hydrogen, Pmm 2 = 1.16 • 10“"^, for k = 10.0. 

J. W. Woodrow^® measured, with a Knudsen gauge (see Chapter 6), 
the amount of clean-up of different gases by charcoal at liquid-air 
temperatures. Neither the volume of the apparatus nor weight of 
charcoal is given. The charcoal was heated under simultaneous 
evacuation until the pressure fell to 1.5 • 10"® mm of mercury (2 • 10““® 
microbar), and hydrogen, oxygen, or nitrogen was then introduced at 
an initial pressure of about 0.65 microbar. The rate of clean-up in each 
case as followed with the gauge is shown in Table 17. 



TABLE 17 

Rate op Clean-up by Charcoal at about — 190®C 
(Pressure in Microbars) 


Time 

Hydrogen 

Oxygen 

Nitrogen 

0 

0.647 

0.667 

0.600 

6 sec 


.387 


10 sec 


.227 


1 min 

.613 

.0027 

.020 

5 min 

.547 

.002 


20 min 

.387 



1 hr 

.253 


.007 

3hr 

.180 

.002 


10 hr 

.180 

.002 

.007 


Miss M. Daly and the writer also carried out some experiments, in 
this laboratory, on the adsorption of gases by charcoal at low tempera- 

Ret;., 4, 491 (1914). 
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tures. Specially activated products, supplied by F. M. Dorsey, were 
used in this work. Pressures were determined by means of the ioniza- 
tion gauge, and the rate of clean-up of residual gases present after sealing 
off the pump was observed. The gauge and tube containing 5 g charcoal 
with a large bulb (total volume = 3000 cm^) were well exhausted on the 
condensation pump, with simultaneous heating of the charcoal for over 
an hour to 360® C. After this system was sealed off the pump, the 
pressure was measured, and then liquid air put on the charcoal. The 
pressures (in microbars) before cooling the charcoal, and after, were as 
follows: 


V 


Initial Pressure Final Pressure 


3000 cm' 
3000 cm' 
3000 cm’ 


0.022 

.036 

.92 


0.0004 

.0004 

.0006 


It may be noted that the sensitivity of the galvanometer used with the 
ionization gauge was such that 0.0004 microbar was about the lowest 
pressure that could actually be measured. 

In carrying out experiments with hydrogen, the same apparatus was 
used, except that another side tube was sealed on in which was con- 
tained a small thin-walled glass pellet (volume 3 cm^) filled with hydro- 
gen at a known pressure. After the gauge, charcoal tube, and bulb were 
exhausted, this system was sealed off, the hydrogen pellet broken by 
shaking, and the residual pressure observed after immersing the charcoal 
tube in liquid air. Five g^rams of activated charcoal were used as in the 
previous experiments. The residual gas pressure was also measured 
before breaking the pellet. Table 18 shows some of the results obtained. 

In general it required about an hour to attain equilibrium. In 
accord with McBain^s observations it was found that the initial conden- 
sation was followed by a slow diffusion of gas into the charcoal. 


TABLE 18 


Clean-up of Hydrogen by Acttivated Charcoal at — 190®C 
(Pressures in Microbars) 



Pressure 

Initial 

Final 

Pressure 


after Seal- 

Pressure of 

Pressure at 

at Liquid- 

V 

ing off 

Hydrogen 

Room Temperature 

Air Temperature 

3025 

0.0180 

0.31 

0.014 

0.0004 

100 

.104 

8.64 

0.02 

.0004 

3025 

.022 

8.33 

2.0 

.15 

100 

.28 

17.7 

0.24 

.0016 
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A certain fraction of this clean-up was no doubt due to the action of 
the gauge itself. As mentioned in Chapter 6 and also in Chapter 10, 
an electrical clean-up occurs in all hot-cathode devices. Furthermore, 
in the presence of a heated filament atomic hydrogen is formed which is 
cleaned up at the temperature of liquid air. A blank experiment carried 
out without the use of charcoal gave the following results: 

V = 340; pressure after seal off = 1.60 microbars. 

On breaking the hydrogen pellet, the pressure rose to 7 microbars, 
then fell, owing to clean-up by the gauge, to 2 microbars. Liquid air 
was put on the side tube, and the pressure fell in the course of 6 hours 
to 0.16 microbar. On removal of the liquid air, the pressure came 
back to 1.2 microbars. 

In the measurements with charcoal the gauge filaments were lighted 
only during the time necessary to take a pressure reading, so that any 
error due to clean-up in the gauge was certainly not very large. 

It is evident from these observations that with a charcoal tube im- 
mersed in liquid air it is possible to adsorb appreciable volumes of 
hydrogen and obtain residual gas pressures of less than 0.0001 micron. 

0. Winkler^^ has investigated the clean-up of nitrogen and hydrogen, 
at a temperature of — 183° C, by charcoal and silica gel. He observed 
that sorption and desorption curves did not coincide, but that the volume 
sorbed for a given value of P increased in successive runs. The limits 
actually observed for nitrogen on charcoal are shown as curves 1 and 2 
in Fig. 8, while Rowe’s data (see Table 13) are plotted as curve 3. In 
the case of hydrogen, the sorption and desorption were found to be com- 
pletely identical for a given sample of charcoal. For different samples 
the isotherms were observed to lie between the two limiting plots 4 and 5, 
whereas Rowe’s observations lie on plots 6 and 4. Winkler also ob- 
served, in agreement with Firth and McBain, that for the attainment of 
equilibrium in both sorption and desorption of hydrogen a period of as 
much as 1 to 3 hours was required. 

Some extremely interesting observations on the sorption by carbon 
dust have been made by R. H. Savage** in this laboratory. 

The dust, formed by the wear of graphite rods rubbing against a rotating base in 
vacuum, has been found to adsorb hydrogen, nitrogen, oxygen, carbon monoxide, 
carbon dioxide, and methane irreversibly at room temperature. The hydrogen clean* 

" Z. tech. Physik, 14 , 319 (1933). 

** J. Applied Phys., 19 , 1 (1948). The quotation is from a paper by Savage and 
J. R. C. Brown, J. Am. Chem. Soc., 70, 2362 (1948). 
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up, 2 cc/g of dust, is 10^ times the adsorption shown by representative activated 
charcoals at room temperature, and pressures of the order of 10 microns. 

The total surface of the dust, as determined, in accordance with the 
B.E.T. method, by adsorption of nitrogen at — 195° C, was found to be 
about 400 m^/g, whereas the chemically active specific surface of the 
dust, as indicated by the hydrogen clean-up, was about 6 m^/g. 

The authors have interpreted these observations on the assumption 
that the dust consists of ultramicroscopic plates of graphite which are 



Pio. 8. Log-log plots of isotherms for adsorption of nitrogen and hydrogen by 
activated charcoal at — 183° C and low pressures. Plots 1 and 2 for nitrogen and 
4 and 6 for hydrogen represent limits observed by Winkler. Plot 3 for nitrogen 
and 4 and 6 for hydrogen were obtuned by Rowe. 

about 20 angstroms thick and about 3500 angstroms in diameter and 
that the hydrogen is adsorbed on “unsaturated carbon valences at 
points of cleavage at right angles to the main (001) cleavage plane.” 

As will be observed, the value of the total specific area of the graphite 
dust given above is approximately one half of the values given in 
Table 7, whereas, according to observations made in Chapter 7, footnote 
156, the surface area of colloidal carbon black ranges from 16 to 64 xs?/ g. 
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5- SORPTION BY SILICA GEL AND SILICATES^® 

Although charcoal is the best general adsorbent for high-vacuum 
technique, other adsorbents which have been used in special technical 
applications should be mentioned. 

Silica gel, which is a ^‘partially dehydrated jelly of silicic acid,” and 
certain complex silicates, known as zeolites, are of interest mainly in the 
sorption of water vapor and certain organic vapors. 



Fig. 9. Isotherms for the sorption of carbon dioxide by 
silica gel (Patrick, Preston, and Owens). 


According to S. J. Gregg,^® 

The characteristics of adsorption on silica gel differ somewhat from those of charcoal, 
particularly with respect to the Freundlich isotherm, for in the case of many gases, 
e.g., sulfur dioxide, nitrogen peroxide, butane — ^the Freundlich equation hol^ fairly 
accurately. Moreover, deviations from Henry’s law even seem to be much less 
than for charcoal. 

Figure 9®^ shows isotherms for the sorption of carbon dioxide by silica 
gel as determined by W. A. Patrick, W. C. Preston, and A. E. Owens.^^ 
As will be observed the sorption per gram of silica gel is considerably less 
than that obtained per gram of charcoal. Similar observations have 
been made by A. Magnus and R. Kieffer®^ and by A. Magnus and 

The remarks in this section are largely based upon the comprehensive discussion 
by McBain, McB, Chapters V and VI. 

JG, p. 11. (See footnote 1, Chapter 7, for reference.) 

McB, p. 196, Fig. 69. 

** J. Phya, Chem,, 29, 421 (1925). 

** Z. anorg, allgem. Chem., 179, 215 (1929). 
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H. Kratz.®^ Table 19 compares the sorptions at 0° C and at two 
different pressures observed by these two sets of investigators with the 
values deduced from Homfray’s observations. 

TABLE 19 

Comparison of Sorption op COj by Silica Gel and by Charcoal 

cm*/g at 



COj on silica gel (M and K) 0. 1(13 1 . 63 

CO 2 on charcoal (M and K) 1.06 >^5 

CO 2 on charcoal (Homfray) 0.5 4.66 

As will be observed from Fig. 9 the sorption of carbon dioxide by silica 
gel obeys Henry’s law up to 10 mm pressure at 0® C, and up to much 
higher pressures at higher temperatures. 

For the adsorption of argon on silica gel, Henry’s law is obeyed to 
several hundred millimeters’ pressure. At 0° C, the actually observed 
amount, according to the results obtained by W. Kalberer and C. 
Schuster,®® is approximately 0.1 • 10~® mole/g per mm (= 2.24 • 10“® 
atm • cm® • g~^ • mm~^), whereas, according to I. Homfray, the sorp- 
tion of argon at 0° C by charcoal is about 1.75 • 10“® atm • cm® g""^ mm“^. 
(See Table 6.) 

Similarly, in respect to the other common gases, the sorption by 
silica gel is less than that obtained for the sorption by charcoal.®® 

• Figure 10, taken from the publication by A. S. Coolidge,®^ shows the 
relative adsorption of water vapor by a number ot different adsorbents, 
including charcoal and silica gel. The remarkably high sorption by 
chabasite and the sorption by glass are discussed below. 

One especially interesting characteristic of silica gel and of similar gels 
prepared from Ti 02 , AI 2 O 8 , Sn 02 , and other oxides is also illustrated in 
Fig. 10. This is the phenomenon of hysteresis in sorption and desorp- 
tion isotherms. 

The hysteresis in the sorption of water vapor by silica gel has been 
investigated very fully by L. M. Pidgeon®* and K. S. Rao.®® A typical 
plot of the sorption data at 20° C, obtained by Pidgeon, is shown in 

Z, anorg. dUgem. Chem., 164, 241 (1929). 

“ Z. phyrik. Chem., A, 141, 270 (1929). 

*• Sorption data for oxygen on siUoa gel at —49® C to —69° C are given by A. 
Magnus and K. Griihling, Z. phytik. Chem., A, 146, 27 (1929). 

” J. Am. Chem. Soc., 49, 708 (1927). 

»* Can. J. Reeeareh, 10, 713 (1934). 

»» J. Phyt. Chem., 46, 613 (1941). 
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Fig. 11. The arrows indicate the order in which the observations were 
made. Pidgeon also concluded from his observations “that the hystere- 
sis loop which appears during water sorption by silica gel has a real 
existence and is not due to the failure to eliminate air and other gases 
from the system” — an explanation which had been suggested by previous 
investigators. Rao also confirmed the existence^ of such a hysteresis 
loop at values of x/m above 15 per cent, where x/m = weight of H 2 O 
per unit weight of gel. 



0 0.2 0.4 0.6 0.8 1.0 

' Relative pressure 

Fig. 10. Isotherms for the relative sorption of water vapor by different adsorbents, 
illustrating the hysteresis phenomenon observed with silica gel (Coolidge). 

The effective area of silica gel as determined by Brunauer and Emmett 
(see Table 7.27) is about 600 sq m/g, that is, approximately 75 per cent 
of that of active charcoal. 

Chabasile, a mineral belonging to the class of zeolites, has the formula 
CaAl 2 Si 40 i 2 * 6 H 20 . These minerals are of special interest because of 
two significant characteristics. The first of these, as described by 
Gregg,®® is that “unUke ordinary crystals containing water of crystalliza- 
tion they can be dehydrated without any change in the form of their 
crystal lattice.” As a result, molecules of different gases can occupy 
the spaces left vacant by the removal of water, and the zeolites are 
therefore good absorbents. This is, however, true only for certain gases 

"JG,p. 12. 
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and involves the second characteristic of chabasite and the zeolites in 
general, viz., that these minerals exhibit a phenomenon known as 
persorption. 



0 20 40 60 80 100 

100 P/P, 

Fig. 11. Sorption and desorption curves for water vapor and silica gel at 20° C. 
Sorption plotted versus relative pressure, P/P„ where P, = saturation pressure of 


According to Brunauer,®^ 

Persorption may be defined as adsorption in pores that are only slightly wider than 
the diameter of the adsorbate molecules. By using molecules of different diameters 
and noting the extent to which adsorption under given experimental conditions 
decreases as the size of the molecule increases one can study the structure of the 
finest pores of the adsorbent. 

The amount of gas taken up by chabasite (or any of the other zeolites) 
varies, at constant temperature and pressure, with the degree of dehydra- 
tion. Table 20 presents a summary of observations made by A. B. Lamb 
and J. C. Woodhouse®^ on the sorption by chabasite, at 0® C and 1 atm 

«iSB, p. 366. 

/. Am. Chem. Soc., 58, 2637 (1936). 
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pressure, of three gases. The first column for each gas gives the tem- 
perature (“C) at which the mineral was heated with simultaneous 
evacuation; the second column gives the percentage dehydration; and 
the third column, the amount occluded, t>o (in cm®, S.T.P.) per gram of 
anhydrous mineral. From these observations it is concluded that 
maximum occlusion of hydrogen, oxygen, and carbon dioxide at 0® C 
occurs when 97.8, 96.9, and 92.9 per cent respectively of the original 



Fig. 12. Typical isotherms at 0° C for the sorption of hydrogen, carbon dioxide, 
and oxygen by dehydrated chabasite. Per cent dehydration (D) is given for each 
isotherm. Scale for vo is indicated by an arrow. (Lamb and Woodhouse.) 


water has been removed by suitable heat treatment. A similar maxi- 
mum sorption was observed for carbon dioxide at the same percentage 
dehydration, at 34.5° C, 61.2° C, and 100° C. (The maximum values 
of amount adsorbed are indicated in Table 20 by asterisks.) 

This variation in amount of adsorption with extent of dehydration is 
explained on the assumption that the pore sizes and extent of corre- 
sponding inner surface change with percentage of dehydration. In 
fact, as shown in the bottom row in Table 20, the specific sorption of 
dehydrated chabasite approaches closely that of charcoal. 

Figure 12 shows typical isotherms at 0° C for hydrogen, oxygen, and 
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carbon dioxide, as observed in this investigation, for different percentages 
of dehydration (D). 


TABLE 20 

Sorption of Hydrogen, Oxygen, and Carbon Dioxide 
BY Dehydrated Chabasite at 0® C and 760 mm 



Hydrogen 


ec 

Per Cent D 

VQ 

180 

61.4 

0.1 

255 

78.4 

0.6 

380 

91.3 

1.0 

630 

96.3 

2.6 

634 

96.7 

2.75* 

640 

97.5 

2.7 


Sorption by char- 
coal at 0° C and 
760 mm : 1.6 


(Lamb & Woodhouse) 


Oxygen 

-A 

/ 

ec 

Per Cent D 

"N 

fo 

250 

40.0 

1 

306 

74.0 

6.8 

390 

90.7 

9.7 

460 

94.5 

15.2 

675 

95.6 

21.3 

635 

96.3 

27.0* 

635 

96.7 

23.2 

730 

97.8 

18.0 



20 


Carbon Dioxide 


■s 


fC 

Per Cent D 


120 

33.2 

33 

180 

61.2 

77 

250 

77.0 

103 

390 

90.7 

128 

3,80 

91.3 

130* 

512 

93.8 

118 

608 

96.7 

119 

635 

96.3 

115 


87 


As shown by a number of investigators, by use of X-ray methods, 
three types of zeolite framework have been recognized: (1) three- 
dimensional networks (chabasite, analcite); (2) fibrous structures 
(natrolite, etc.); (3) plate-like structures (heulandite). 

These frameworks [as R, M. Barrer®® states] are anionic Si-O-Al networks, 
containing interstitial and exchangeable cations, and also neutral molecules of water, 
which are replaceable in some instances by molecules of ammonia, iodine, mercury, 
or gases. 

In the publication from which this statement is quoted are given 
data on the sorption isotherms for hydrogen, nitrogen, and argon by 
dehydrated chabasite and analcite®^ at temperatures ranging from 
— 184® C to 110® C, The saturation amounts observed at the lowest 
temperature, per gram of original chabasite, were as follows: 

Hydrogen approximately 280 cm* (S.T.P.) 

Argon approximately 260 cm* (S.T.P.) 

Nitrogen approximately 164 cm* (S.T.P.) 

•* Ptoc. Poy. Soc. London, A, 167, 302 (1938). 

‘The dehydration of chabasite was carried out in vaouo at progressively in- 
creasing temperatures for several days. The temperature was finally raised to 
480® C'for 1 day.” In the case of analcite (NasAlgSisOis * I 2 H 2 O) dehydration in 
vacuo was carried out at 330® C for 3 days. 
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Since the original chabasite contains 21.34 per cent, by weight, of 
H 2 O, this would correspond to 266 cm^ water vapor (S.T.P.) per gram 
of original chabasite, or 338 cm^ per gram of completely dehydrated 
chabasite. According to Table 7.26, the number of argon atoms per 
square centimeter required to form a complete monolayer is 7.81 • 10^^. 
Hence the specific adsorption area for completely sdehydrated chabasite 
is calculated to be about 1164 sq m/g, which, as will be observed from 
Table 7.27, exceeds that deduced for activated charcoal (775 sq m/g). 
Using the value, given above, for nitrogen (1/S = 7.25*10^^) the 
adsorption area is calculated as about 608 sq m/g of dehydrated chab- 
asite. 

For analcite the volume of water vapor is 0.078 cm^ (S.T.P.) per gram 
of original material, which obviously corresponds to a much smaller 
specific area, and, according to Barrer^s observations, the saturation 
values are considerably less than those for chabasite. In both cases, 
the sorption isotherms for the above gases, at temperatures higher than 
that of liquid air, show characteristics similar to those obtained with 
other adsorbents. 

However, as mentioned previously, while chabasite is an excellent 
adsorbent for vapors or gases constituted of smaller molecules, such as 
water, oxygen, nitrogen, hydrogen, vapors or gases constituted of 
larger molecules are not adsorbed at all, or only with difficulty. Thus 
0. Schmidt®^ observed that, at 20® C and 760 mm pressure, the volumes 
of gas (S.T.P.) adsorbed per gram of chabasite are as follows: 

H 2 A O 2 N 2 CO CH 4 CO 2 NH 3 H 2 O 

3.3 28.1 34.3 52.2 74.6 80.4 282.0 567.0 702.0 cm* 

From these and similar observations for the larger molecules of organic 
compounds, he concluded that the pore diameter for chabasite is about 
3.5 • 10”"^ cm. 

This characteristic behavior of chabasite, which has been designated 
above by the term ^^persorption,^^ has been investigated more extensively 
by R. M. Barrer and D. A. Ibbitson.®® 

They have determined both occlusion isotherms and rates of occlusion 
'of hydrocarbons by active chabasite and analcite over a range of tem- 
peratures. The isotherms resemble those obtained by Lamb and 
Woodhouse, which have been described above. Figure 13 shows 
typical isotherms obtained for four normal-chain hydrocarbons. Table 
21 gives a summary of saturation values, as observed by the above inves- 

Z, physik. Chem.j 133, 263 (1928), also M^B, pp. 166-176, which containfl a 
comprehensive discussion of this topic. 

Trans, Faraday Soc.^ 40, 196 (1944). 
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tigators, for a number of gases in both chabasite and analcite, and, for 
comparison, the diameter or length in angstrom units (1 A = 10“"® cm). 

As will be observed the saturation values in this table for hydrogen and 
argon are less than those given by Barrer in the previous publication. 
Consequently the specific areas deduced from these values would be 
of the order of 600 sq m/g. The decrease in the saturation value with 



Fig. 13. Isotherms for sorption by chabasite of four normal-chain 
hydrocarbons (Barrer and Ibbitson). 


increase in the length of the molecule is the most important conclusion 
to be deduced from the data in the table. 

Of special interest are the results obtained by Barrer and Ibbitson®^ 
for rates of occlusion of hydrocarbons. If Qo> Q<, and denote the 
amounts occluded at ^ 0, t, and t respectively, then it was 

observed that, for values of y less than about 0.2, 


as Qo 

^ ” <2» - Qo 


kVt, 


( 1 ) 


Trans* Faraday Soc,^ 40 , 206 (1944). 
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TABLE 21 

Satobation Values foe Sorption by Chabasitb and Analotb 


cmVg (S.T.P.) 


Gas 

Diameter 
or Length 

Chabasite 

Analcite 

HsO 

2.76 

266 ' 

97 

NH, 

3.60 

193 

72 

Hs 

3.74 

186 

69 

A 

3.84 

181 

67 

Oa 

3.83 

181 

67 

Na 

4.08 

170 

63 

CH4 

4.00 

173 

64 

CaH» 

5.54 

125 

46.4 

CaHs 

6.52 

106 

39.5 

TI-C 4 H 1 O 

7.78 

89 

33.1 

n-CsHis 

9.04 

77 

28.5 

n-C6Hi4 

10.34 

67 

25.0 

n-C7Hi6 

11.56 

59 

22.2 


where fc is a constant the value of which depends upon the particle size 
and the coefficient of diffusion D. It was also observed that k decreased 
with increase in y. This is interpreted as follows: 

Let B denote the fraction of interstitial sites on which occlusion takes 
place. Then Z)», the diffusion constant corresponding to a given value 
of B, is related to Z> 0 ) the value for ^ = 0, by the equation 

Dt = Z>o(l ~ (2) 

and, since the constant k varies linearly with VWt, the value of this 
constant must decrease with increase in the value of B, that is, with 
increase in the value of y. 

It was also observed that k increases with increase in temperature, 
and, from a plot of log k versus l/T, a value for the energy of activation 
could be deduced. 

For the effect of pressure, it was observed that the rate of sorption 
follows a “hyperbolic” relation <rf the form 

dl’^l + kaP' 

That is, with increase in pressure, the rate increases at first, prac- 
tically linearly with P, then, as P is increased still more, the increase in 
rate becomes less and less, until finally the rate attains a constant value. 

A comparison of rates of occlusion for different hydrocarbons under 
given conditions of temperature and pressure shows that the rate de- 
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creases with increase in the number of carbon atoms in the hydrocarbon 
chain and also becomes extremely small for branched-chain hydro- 
carbons. This result is interpreted by 
Barrer and Ibbitson as follows: 

The rate of sorption depends upon the cross 
section of the solute molecules. In Fig. 14 the 
cross sections are shown to scale for CH 4 (or 
C 2 H«); for a w-hydrocarbon (propane); and for 
a branched-<;hain hydrocarbon (isobutane). 

These represent classes of solute which enter 
the zeolitic lattice respectively with great ra- 
pidity, slowly and with an energy of activation, 
or not at all. Since the cross-sectional diam- 
eters®® are, in order, 4.00, 4.89, and 5.68 A, 
one sees that the narrowest cross section of the 
interstitial channel in both chabasite and active 
analcite must lie between 4.89 and 5.58 A. . . . 

The three types of molecule given in Fig. 14 may 
then be used as yardsticks to measure the nar- 
rowest cross section of any zeolite channel, or in 
a zeolite thus ‘^calibrated” one may fix within 
narrow limits the cross sections of other mole- 
cules. 

Confirming observations obtained by 
other investigators, Barrer and Ibbitson 
also observed that the rate of sorption 
was greatly affected by the conditions of 
dehydration of the original mineral and the fineness of subdivision of 
the mineral. 

As will be noted, Barrer and Ibbitson refer to “solute molecules” 
rather than occluded or adsorbed molecules. The reasons for this 
designation are discussed by them in the following remarks; 

McBain [they state] used the term persorption to describe the uptake of gases by 
porous soli^ such as charcoal and silica gel, in which the pore systems are quite 
irregular. In zeolites on the other hand the occluded molecules form a regularly 
frequently mobile, interstitial component of the dehydrated crystal lattice 
and the sorption process is better described as solid solution. 

The term “interstitial” is used to indicate that the solute molecules 
occupy interstices left by the removal of H2O from the original lattice 
structure, and these investigators conclude that “zeolitic solid solution 
is very laimilnr to the solutions of Ha in Pd. It differs from the latter in 

•• According to h. Pauling, The Naiure qf the Chenriedl Bond, p. 189, Cornell 
UnhrisKdty Bteaa, J940. 



Fig. 14. The dimensions (in 
angstrom units) of representa- 
tive molecules respectively very 
rapidly occluded (CH4 and 
C 2 H 6 ), occluded by activated 
diffusion (CsHg), and excluded 
(W 0 -C 4 H 10 ) (Barrer and Ibbit- 
son). 
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that there is in zeolitic solution no specific interaction between solute 
and solid such as characterizes hydrogen-metal systems.”®^ Thus 
sorption of gases by dehydrated zeolitic minerals is a purely physical 
interaction.^® 

The adsorption characteristics of chabasite for such polar gases and 
vapors as water vapor, oxygen, and carbon dioxide might find a useful 
application in vacuum technique. 

The sorption of water vapor by other silicates and quartz is a topic 
that has received considerable attention. For instance, R. W. Bunsen 
observed in 1885 that, even at 500° C, silicates retain appreciable 
amounts of water vapor. L. J. Briggs^^ measured the sorption of water 
vapor by quartz powder. Fifty grams were used, having a superficial 
area of 20 sq m. The amounts adsorbed at different pressures of water 
vapor at 30° C are indicated in Table 22. 

TABLE 22 


Sorption of Water Vapor by Quartz Powder 



Mg H 2 O 

Number of 

Pmm 

Adsorbed 

Monolayers 

0.2 

0.5 

0.9 

10,7 

2.9* 

6.1 

19.6 

4.6 

8.1 

26.1 

9.0 

15.9 

31.4 

26.7 

47.0 


♦ Value obtained with samples dried to constant weight at 110® C. 

The saturation vapor pressure at 30° C is 31.82 mm. Assuming, 
as deduced in Table 7.27, that a monolayer of water corresponds to 
3.5 • 10“® cm^ per cm^, that is, 2.84 • 10“® mg H 2 O per cm^, it follows that 
the number of monolayers adsorbed at each pressure were those given 
in the last column of Table 22. It should be observed that the value 
marked with an asterisk was obtained with samples which had previously 
been dried to constant weight at 110° C. 

Similar results have been obtained by J. R. Katz*^^ for the sorp- 
tion of water vapor by pulverized synthetic quartz and anorthite 

These systems are discussed in Chapter 9. 

A further contribution to the study of the zeolites is given in a publication by 
Barrer, Trans, Faraday Soc.^ 40 , 655 (1944), on sorption by two other zeolites, 
gmelinite and mordenite. 

J. Phys, Chern,, 9 , 617 (1906). 

Froc, Amsterdam Acad.y 16 , 445 (1912). The quotation is from Langmuir’s 
paper, J. Am. Chem, Soc.y 88, 2283 (1916). 
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(Ca0*Al203 *28102). ^The amount of water taken up reaches a fairly 
definite limit when the vapor pressure of the water is about 0.7 of the 
saturated vapor. The quantities of water adsorbed per square centi- 
meter of surface under these conditions were 1.3 • 10“^ g for quartz and 
6.2 • lOT^ g for anorthite/^ These correspond to 46 and 177 mono- 
layers, respectively. 

W. G. Palmer and R. E. D. Clark^^ have concluded that in the sorp- 
tion of certain organic vapors by vitreous silica (Am - 0.469 sq m/g) the 
films consist of two complete monolayers when the relative pressure is 
0.5 to 0.6. (Relative pressure = P/Pq, where Pq = saturation vapor 
pressure.) In a subsequent investigation/^ W. G. Palmer has shown 
that at saturation pressure the films are probably as many as four 
molecules thick. 

6. EVOLUTION AND SORPTION OF GASES BY GLASS^® 

Observations on Evolution of Gases. The problem of completely 
removing adsorbed or absorbed water vapor from the walls of glass 
vessels is one of the most important in high-vacuum technique. Since 
glass is related to the silicates it is not surprising that its behavior with 
respect to water vapor is similar to that of quartz and the silicates, 
which were discussed in the previous section. 

Thus Bunsen (1885) observed that a glass surface that had previously 
been dried thoroughly at 20° C evolved 22.3 mg from an area of 2.11 sq 
m, which corresponds to a layer of adsorbed water about 37 molecules 
thick. According to L. J. Briggs,^® 

E. Warburg and T. Ihmori^^ found that measurable amounts of water vapor were 
condensed upon the surface of freshly blown glass bulbs and of bulbs which had not 
been thoroughly washed. After washing or boiling these glass surfaces and then 
thoroughly drying, no adsorption of water vapor could be detected. 

There is no doubt that wherever the layer of adsorbed vapor is 
apparently more than one or two molecules in thickness we are not 
dealing with true adsorption phenomena. According to Langmuir, the 
sorption by glass is to be regarded as a process of solution of the water in 
the glass, in much the same manner as in the sorption of moisture by 

Proc, Roy. Soc. London^ A, 149, 360 (1935). 

Proc. Roy. Soc. London, A, 160, 264 (1937). 

^^A comprehensive review of this topic is given in the treatise entitled The 
ProperUee'of Glass, by G. W. Morey (pp. 89-101), published by Reinhold Publishing 
Coiporation, New York, 1938. 

/. Pkys. Chem., 9, 617 (1906). 

ITiod. Ann., 27, 481 (1886); 81, 1006 (1887). 
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sodium silicate and the gels. It is also quite possible that in very fine 
powders the moisture may be actually condensed as a liquid in fine 
capillary spaces between the grains. The presence of such relatively 
large amounts of water vapor on glass surfaces (and even metal surfaces, 
as will be mentioned in Chapter 9) means that, in experimenting at very 
low pressures, special care must be taken to remove water vapor by 
heating all parts to as high temperatures as possible with simultaneous 
absorption of the vapor in a liquid air trap or phosphorus pentoxide. 

The evolution of water vapor and other gases from glass was inves- 
tigated very extensively by 1. Langmuir. His earlier work on the 
evolution of gas from the walls of bulbs, such as were used for incan- 
descent lamps about that time, has been described by him in the follow- 
ing remarks 

On heating bulbs of 40-watt lamps for 3 hours to a temperature of 200® C, after 
having dried out the bulbs at room temperature for 24 hours by exposing in a good 
vacuum to a tube immersed in liquid air, the following average quantities of gas were 
given off: 

200 cu mm water vapor 
6 cu mm carbon dioxide 
2 cu mm nitrogen 

These are the quantities of gas, liberated by the heating, expressed in cubic milli* 
meters at room temperature and atmospheric pressure. 

By raising the temperature of the bulbs from 200° C to 350® C an additional 
quantity of water vapor was obtained, so that the total now became 

300 cu mm water vapor 
20 cu mm carbon dioxide 

4 cu mm nitrogen 

A subsequent heating of the bulbs to 500® C caused the total amoimt of gas evolved 
to increase to 

460 cu mm water vapor 
30 cu mm carbon dioxide 

5 cu mm nitrogen 

At each temperature the gas stopped coming off the glass after a half hour of 
heating, only to begin again whenever the temperature was raised to a higher value 
than that to which the bulb had been previously heated. 

It therefore seems that, even by heating the bulb to 600® C, not all of the water 
vapor can be removed, but it does seem probable that after this treatment the amount 
of water vapor that can come off a bulb at ordinary temperatures must be extremely 
small. 

The internal surface of this bulb was about 200 sq cm. The number of molecules 
of gas given off per sq cm was thus 56 • 10^^ molecules of H 2 O; 37 • 10^* molecules 

Trans, Am, Inst, Elec. Eng.f 82, 1921 (1013)i and J, Am. Chm, 80 c,, 88, 2221 
(1916). 
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of CO 2 , and 0.6 • 10^® molecules of N 2 . If we calculate the number of molecules of 
each of the gases necessary to cover a square centimeter one molecule deep (taking the 
molecules to be cubical in shape) we find 1.0 -10^® for H 2 O; 0.77 • 10^® for CO 21 and 
0.67 • 10'® for N 2 . Thus the quantities of gas obtained from this bulb correspond 
to: a layer of water 66 molecules deep, a layer of carbon dioxide 4.8 molecules deep, 
and a layer of nitrogen 0.9 molecule deep.^^ 

On the other hand Langmuir has observed^® that microscope cover 
glasses (2.5 cm in diameter and 0.14 mm thick) previously heated to the 
softening point and then heated in vacuo gave off amounts correspond- 
ing to the following numbers of layers of molecules: 4.5 for water vapor, 
1.05 for carbon dioxide, and 0.9 for nitrogen.*^ It will be observed that, 
for the last two gases, the amounts adsorbed corresponded to monolayers. 

Langmuir also investigated the optimum conditions for the evolution 
of water vapor from glass. It was observed that certain lamps made of 
sodium magnesium borosilicate glass (G-702-P), and consisting of high- 
wattage filaments in very small bulbs, blackened very rapidly if they 
were baked out at 550-'600° C during exhaust, while lamps baked out 
at 400-500° C did not blacken so rapidly. The effect was ascribed to 
water vapor evolved from the glass during the life of the lamp, and 
experiments were therefore undertaken to try to remedy this condition. 

The following description of the experiments is taken from Langmuir^s 
patent specifications.®^ 

Three lots of lamps were made with the same structural details and operating 
characteristics; the first lot was exhausted at approximately 460° C, the second lot 
at 660° C, and the third lot at 660° C, at first, and then at 400° C. The average life 
of the first lot was approximately 676 hours, of the second lot 300 hours, and of the 
third lot over 900 hours, the conditions of operation with all three lots being the 
same. 

The explanation given of this result is as follows: 

Apparently the treatment at 400° C to 500° C liberates the water vapor only from a 
comparatively thin surface layer of the glass. If, however, the exhaust is con- 
tinued at 400° C to 500° C, no more water vapor will be drawn out of the deeper 
layers, and that which remains in the surface layer will be liberated. 

The main conclusion arrived at by Langmuir is that, in order to remove 
water vapor efficiently from the walls of glass vessels, the heating during 

These values are to be compared with those given in Table 7.25 for the number 
of molecules iX/Si) required to form a monolayer. These are 0.95 * 10'® for water 
vapor, 0.71 • 10'® for carbon dioxide, and 0.73 • 10'® for nitrogen. 

J. Am, Chem, Soc,, 40 , 1361 (1918). 

Those values are of course, based on Langmuir^s values for the number of 
molecules required to form a monolayer. 

Patent 1,273,629, July 23, 1918. 
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exhaust should he carried out in two or more stages of gradually decreasing 
temperatures. He found that J^-hour treatment at each of the above 
temperature ranges was sufficient, and he made the interesting observa- 
tion, which is in accord with that made by Sherwood (see below), that, 
whereas the gas evolution at temperatures below 500® C practically 



Temperature in *0 


Fig. 15. Evolution of gas from Corning G-702-P glass, showing amount, AQ 
(mm^ STP), liberated at a series of increasing temperatures (Sherwood). In this 
and the two subsequent figures, “gas” refers to the non-condensible volume (con- 
sisting of hydrogen, nitrogen, oxygen, and carbon monoxide). 

ceases at the end of hour, the evolution of water vapor at higher 
temperatures continues indefinitely no matter how long the heating 
period. Apparently the glass actually suffers a chemical decomposition 
at higher temperatures. 

An extensive series of investigations on the gases and vapors evolved 
from glass was carried out by R. G. Sherwood^® and J. E. Shrader.®^ 

J. Am, Chem. Soc„ 40, 1645 (1918); Phys, Rev,, 12, 448 (1918). 

Phys, Rev,, 13, 434 (1919). See also abstract of a paper by D. Ulrey, Phys, 
Rev,, 14, 160 (1919), which discusses the same subject. 
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Sherwood measured the amounts of water vapor, carbon dioxide, and 
gases non-condensible in liquid air liberated from different kinds of glass 
at various temperatures. Figure 15 shows the results obtained with 
Coming G-702-P glass — a high-melting-point glass used extensively in 
the manufacture of the gas-filled type of incandescent lamp. The 
samples of glass used in these measurements had a total area of about 
350 cm^, and the curves show the amounts of gas liberated at different 



Temperature in *0 


Fig. 16. Evolution of gas from soda glass (Sherwood). 

temperatures. The period of heating at each temperature was 3 hours. 
Figures 16 and 17 show similar data with samples of soda glass and lead 
glass, respectively. It will be observed that in all samples the gas 
evolution first reaches a maximum which is at about 300® C for G-702-P, 
150® C for soda glass, and 175° C for lead glass, then decreases, and again 
rises rapidly at a temperature which is above the softening point of the 
glass, Sherwood concluded that the products removed below 300° C 
are adsorbed gases, while at higher temperatures there is an actual 
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decomposition of the glass itself. In other experiments, it was observed 
that at the higher temperatures the gas evolution continued even after 
the samples were heated for 24 hours and longer. By previously 
annealing the glass at very high temperatures, the subsequent gas 
evolution in vacuum was decreased considerably, a result in accord with 
certain observations made by Langmuir and mentioned before. 



Fig. 17. Evolution of gas from ordinary lead glass (Sherwood). 

Similar results have been obtained in this laboratory by Mrs. M. 
Andrews and J. Pangbum in investigating the gases evolved from lamp 
bulbs. Analyzing Sherwood^s data, we find that, for instance, in the 
case of soda glass, the total gas evolved up to 200® C was about 50 mm^, 
or about 0.15 mm®/cm^, most of which was H 2 O; this would correspond 
to a layer of gas about four molecules deep. Sherwood concluded that 
the gases which are removed fairly rapidly at lower temperature are 
genuine adsorption products, as they correspond to quantities repre- 
sented by a layer of gas that does not exceed one or two molecules in 
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thickness. As the temperature of the glass is raised to the softening 
point, the gas evolved consists practically wholly of water vapor, and 
undoubtedly this arises, as mentioned above, from the chemical decom- 
position of the glass. 

Investigations by C. A. Kidner and H. A. Huthsteiner, in this labora- 
tory, on the rate of evolution of water vapor and non-condensible gases 
from glass bulbs have shown that, at the highest temperatures at which 
the exhausted bulb can be heated, most of the adsorbed gas is evolved 
in the first 2 or 3 minutes. Preheating in dry air is also beneficial in 
removing most of this adsorbed gas. The preheating at ordinary pres- 
sure possesses the advantage that the glass can be heated to much higher 
temperatures, as there is no danger of the bulb's sucking inward. 

Some interesting measurements were carried out by Sherwood on the 
adsorption of water vapor and other gases by dry surfaces of glass. Dry 
air could be removed very rapidly at ordinary temperature, whereas for 
either moist air or air mixed with carbon dioxide, the rate of leakage at 
ordinary temperature was very slow. However, on heating to a high 
temperature practically all this adsorbed gas could be removed in a few 
minutes. It is interesting to observe that, in one experiment, after a 
pressure of about 10"^ mm H 2 O had been reached by evacuation, the 
bulb (of about 9000 cm^ capacity) was sealed off and after standing 10 
hours the pressure rose to 0,0095 mm, owing to the gas leakage from the 
walls, but did not materially increase subsequently. This gas most 
probably was adsorbed air since it could not be condensed in liquid air. 
The writer's experience has shown that invariably there is a slight 
increase in pressure after the bulb is sealed off. Part of this increase is 
due to gases adsorbed on the glass near the constriction, which is heated 
to a high temperature during sealing off, and a portion is due to gradual 
leakage from the walls. Even with the utmost precaution in baking 
out at high temperature a^fid low exhaust pressure, there is always a 
slight increase in pressure in the sealed-off device. 

In an investigation on the minimum pressure attainable with a Gaede 
molecular pump, Dushman observed®® that unless care was taken to 
torch®® the tubing connecting the gauge to the pump it was impossible to 

Rw., 5, 212 (1915). 

In Reo, Sci. InatrumerUSj 18, 856 (1947), J. Rothstein has drawn attention to 
the use of silver chloride as a temperature indicator for hand torching in high-vacuum 
work. Some silver chloride is fused to the glass to form a thin layer. ^'When solid, 
the rilver chloride has a dull, opaque, whitish matte appearance, which becomes 
successively dark, shiny, and transparent when fusion occurs'^ at 455® C. 

It is of intmst to mention in this connection that in the production of vacuum 
inOandOBOent tungsten lamps certain organic compounds were frequently coated <m 
the button of the glass stem supporting the filament to indicate by the change in 
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get below about 0.025 micron, because of the slow evolution of water 
vapor at ordinary temperature. When, however, the tubing was baked 
out at 330° C, the pressure could be reduced to 5 • 10“^ micron. Similar 



Fig. 18. Increase in pressure in sealed-off, well-evacuated bulb after reheating 
at a series of increasing temperatures (Shrader). 

results have been reported by Shrader. The volume of the system 
exhausted in his experiments was about 2 liters. The effect of heat 
treatment on the vacuum obtainable after pumping until equilibrium 
was reached at that temperature is shown by the following results: 


color the maximum temperature attained inside the bulb during bake-out on the 
pump. The composition of the coating used varied with the range of temperatures to 
be indicated. 
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Temperature, °C: 20 100 200 300 600 

Pm*: 1 • 10“® 1.9 • 10-* 1.7 • 10-^ 1.2 • 10“' 2.4 • KT* 

Shrader also observed that not only does the vacuum in sealed vessels 
gradually deteriorate with time, at first rapidly and then more slowly, 
but also that “subsequent heating even at temperatures lower than the 
heat-treating temperature (on the pump) results in increase of pressure 
due to further liberation of gases and vapors from the glass.” Figure 18 
shows the effect of heating a sealed-off system consisting of a 1500 cm® 
bulb and gauge of 500 cm® capacity for 1 hour at increasing successive 
temperatures. In each case the bulbs had previously been heated at 
500° C on the pump. 

A comprehensive investigation has been carried out by J. E. Harris 
and E. E. Schumacher®^ on the relation between chemical composition 
of glasses and the gas evolution on heating to 400-500° C. Table 23 
gives a list of the types of glass used and their chemical composition in 
per cent by weight of each constituent. 

TABLE 23 


Chemical Analyses op the Glasses Used fob Detebmination of Amount 
AND Composition of Gases Evolved (Habbis and Schumacheb) 



1 

2 

3 

4 

5 

6 

Si02 

69,93 

69.40 

64.64 

61.50 

72.05 

65.47 

AI 2 O 8 

1.54 

0.78 

0.20 

0.57^ 

2.21 

2.99 

Fe208 

0,19 

0.14 

0.04 

0.11 

0.05 

0.51 

PbO 

1.44 

Trace 

21.66 

22.55 

6.11 

20.20 

CaO 

3.17 

5.16 

0.02 

0.21 

0.06 

0.22 

MgO 

0,03 

4.09 

0.02 

0.36 

0.09 

0.13 

NasO 

21.02 

16.67 

9.10 

8.14 

4.23 

6.40 

K 2 O 

0.10 

0.20 

3.20 

3.76 

1.12 

3.59 

P 2 O 6 

0.08 

0.16 

0.75 

0.34 

Trace 

Trace 

Sb208 

0.05 

0.10 

— 

Trace 

— 


Mn02 

0.09 

0. 19 

— 

0.19 

0.01 

0.073 

B 2 O 8 

2.36 

3.12 

0.37 

2.27 

14.07 

— 


The B 2 O 3 was determined by difference. Glasses 3 and 5 contained 
traces of fluorine, and glass 6 contained 0.013 per cent sulfur trioxide as 
well as a trace of barium oxide. Glasses 1 and 2 are soda-lime glasses; 
3, 4, and 6 are soda-lead glasses; and 5 is a borosilicate of lead and soda. 

The procedure for determining the gas evolution is described by the 
authors as follows; 

For the purpose of determining the amount of gases given up by the various types 
of glass, the gtess was first cleaned with chromic acid, and washed thoroughly with 

" J. Jnd. Eng. Chm., 18, 174 (1923). 
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water. It was then placed in the sample container, made of the same glass as that 
being tested — and the pump operated for several hours in order to dry the sample 
thoroughly. The pump — a mercury-vapor pump in conjunction with two oil 
pumps — ^was operated until the pressure within the apparatus after being trapped 
off from the pump remained constant at about 1 • mm for a period of at least 
2 hr. The glass was then heated to a temperature as close to the softening range as 
it was possible to go without causing the container to collapse; it was kept at this 
temperature until the gas pressure became constant, when the volumes of the gases 
were determined in the manner outlined above. The period required for com- 
pletely driving off the gases ranged from 65 to 80 hr. 

The temperature to which the glasses were heated was 500® C for 
sample 5, and 400® C for all the other samples. The amount and 
composition of the gas evolved in each case are shown in Table 24. 

TABLE 24 


Amount* and Composition of Gases Evolved during Heat Treatment 
IN Vacuum (Harris and Schumacher) 


Sample 

% Total 

Composition 

Atm • cm* • 10^ 

Atm • cm* • 10^ 

AlkaU 

of Gas, % 

per cm* area 

per cm* glass 

1 

21.12 

H 2 O 

88.5 

46.6 

726 



CO 2 

10.5 

5.5 

86 



P.G.t 

1.0 

0.5 

8 




Total 

52.6 

820 

2 

16.87 

H 2 O 

92.6 

30.0 

508 



CO 2 

6.3 

2.0 

34 



P.G. 

1.1 

0.4 

6 




Total 

32.4 

548 

3 

12.30 

H 2 O 

96.4 

23.7 

506 



CO 2 

2.2 

0.5 

11 



P.G. 

1.4 

0.4 

8 




Total 

24.6 

525 

4 

11.90 

H 2 O 

97.2 

25.4 

568 



COs 

1.4 

0.4 

8 



P.G. 

1.4 

0.4 

8 




Total 

26.2 

584 

5 

5.35 

H 2 O 

33.3 

0.6 

12 



CO 2 

44.5 

0.9 

16 



P.G. 

22.2 

0.4 

8 




Total 

1.9 

36 

6 

9.99 

H 2 O 

49.6 

1.0 

19 



CO 2 

49.6 

1.0 

19 



P.G. 

0.8 

0.02 

0.3 




Total 

2.02 

38.3 

* l(r* atm 

cm* - 0.76 M • liter. 




t P.G. * Non-condensible at 

-190® 

C. 
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For both carbon dioxide and water vapor, the volume of gas (S.T.P.) 
required for a monolayer is about 2 • 10“® cm®/cm^ while for oxygen, 
nitrogen, and carbon monoxide it is about 3 • 10“® cm®/cm^ (as shown 
in Table 7.25). The data in Table 24 indicate that the non-condensible 



Fio. 19. Percentage (by volume) of total gas evolved from different samples of 
glass (analysis of samples 1 to 6 given in Table 23) on heating at a series of tempera- 
tures. Curve 7 is for a sample of Pyrex. (Harris and Schumacher.) 


gas must have been present as an adsorbed layer approximately one 
molecule thick. 

Althou^ it would appear from the table that the gas content decreases 
with decreasing aUmli content, there are other factors that affect the gas 
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content. For instance, glass 6 had been subjected to a heat treatment 
of between 1500° C and 1600° C for a period of 1 hour. 

Arranged in order of increasing temperature at which the glass begins 
to soften, glasses 3, 4, and 6 would be lowest, 5 highest, and 1 and 2 
would be intermediate.®® Thus the fact that glass 5 ‘^undoubtedly 
received a higher heat treatment in the melting process, because of its 
higher melting point and greater viscosity, than did the other glasses 
that were tested,’’ would account for its low gas content. 

A further set of experiments was carried out in which the pressures of 
the gases evolved were measured at intervals of 100° C, from 100° C to 
the softening point of the glass. The results of these experiments are 
shown in Fig. 19. The numbers on the curves refer to the corresponding 
numbers of the glass samples. (See Table 23.) A run made with 
Pyrex glass is shown as curve 7. This is a borosilicate glass that is 
“practically free from alkali and heavy metals.” 

It is seen [the investigators state] that the adsorbed^^ gases for the lime and lead 
glasses are practically all given up at a temperature of 200® C, while 300® C is re- 
quired in the case of the borosilicate glasses. The absorbed gases begin to come off at 
the softening points of the various glasses, 400® C for the lead and lime glasses, and 
600® C for the borosilicate glasses. ... In this connection it should be stated that 
the amount of absorbed gases found in the above e?qperiments represents only that 
portion of the dissolved gases which lies nearest the surface of the glass. Owing to 
the great viscosity of the glass at the temperatures used, the rate of diffusion of the 
gas would be altogether too slow to permit any considerable portion to reach the 
surface. 

To obtain further data on the volumes adsorbed^ “the glasses were 
heated to a temperature high enough to drive off all the adsorbed gases, 
as indicated by the curves in Fig. 19 (200° C for curves 1, 2, 3, and 4, and 
300° for 5) and the amount of carbon dioxide and permanent gases 
determined.” The results are shown in Table 25. 

TABLE 25 

Amounts* of CO2 and Non-Condensible Gases Adsorbed by Different 
Samples of Glass (Harris and Schumacher) 


Glass 

Volume in 10 * cm*/cm® 

Volume in lO*"* cm*/cm^ 
of Adsorbed 

No. 

of Adsorbed CO 2 

Non-Condensible Gas 

1 

19.3 

1.300 

2 

10.4 

1.800 

3 

7.5 

2.650 

4 

7.5 

2.350 

5 

4.5 

0.480 

6 

6.5 

0.009 


* liT^ atm • cm* « 0.076 m * liter. 

Personal communication from Dr. L. Navias of this laboratory. 
Italicized by the writer. 
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The authors summarized the results of their investigation as follows: 

1. Glasses whose compositions run high in alkali give ofif more gas during their 
heat treatment than do those of lower alkali content. 

2. A definite relation appears to exist between the amount of water vapor held by 
a glass and its alkali content. 

3. A relation, although not as pronounced as that mentioned above, appears to 
exist between the amount of carbon dioxide held by a glass and its alkali content. 

4. Adsorbed carbon dioxide seems to be held to glass primarily by primary valence 
forces. 

5. Adsorbed permanent gases seem to be held to glass primarily by secondary 
valence forces. 

6. Glass relatively free from adsorbed gas can be produced by means of heating 
the glass during its melting process to a sufficiently high temperature. 

More recent results obtained by C. H. Cartwright on three types of 
glass are shown in Figs. 20, 21, and 22.®^ 

The samples used are described as follows: 

1. Glass 0080, Corning brand, clear lime bulb glass. 

2. Glass 7740, Pyrex brand, heat-resistant clear chemical glass. 

3. Glass 7910, Vycor brand, 96 per cent silica, ultra violet-trans- 
mitting glass.® ^ 

Figure 20 shows the amounts of gas®® (in mm • cm®/ 100 cm® of surface 
at 25® C) evolved from glasses 0080 and 7740 as a function of the tem- 
perature. 

♦ 

Only one glass sample was used in obtaining each curve and that sample was heated 
for 1 hour at each of the temperatures indicated. The curves show a maximum at 
150° C and increased evolution at the strain point. This is in agreement with the 
work of Sherwood and of Harris and Schumacher. 

The rate curves shown in Fig. 21 were calculated from the results 
obtained in 008 — run 1. As will be observed, these curves show that 
on baking out at constant temperature most of the gas is evolved very 
quickly. 

Figure 22 compares the gas evolution from glass 0080 and glass 7910. 
The comparatively small gas evolution from 7910 is no doubt due to the 
fact that this glass is fined at high temperatures. 

One further important observation made in this investigation was 
that heating the lime glass to 600° C at atmospheric pressure re- 

The writer wishes to express his indebtedness for this information to Dr. J. T. 
littleton, Director of the Research Laboratory of the Corning Glass Works, and 
Dr. B. J. Todd, who prepared the summary and the plots shown in the three figures 
mentioned above. 

According to L. Navias and R. L. Green, J, Am, Ceram, Soc.f 29, 267 (1946), 
this glass contains 3 per cent B 2 O 8 and a *Very low’’ content of Na^O. 

1 mm • cm® 1 pi • liter, 

1 mm • cm®/10® cm® * 0.01 m • liter /cm®. 
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Fig. 20. Amounts of gas evolved from two samples of glass as a 
function of the temperature (Cai'twright). 



Fio. 21. Rate curves derived from plot in Fig. 20 for glass 008 (Cartwright). 
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moves 80-90 per cent of the gas that would otherwise be evolved in the 
bake out/* This observation has been confirmed repeatedly by similar 
observations in this laboratory. 



Fig. 22. Comparison of gas evolution as a function of the temperature for a Corning 
brand lime glass (008) and Vycor brand glass (791) (Cartwright). 

G. W. Morey®* states that 

the volatile substances found in solution in glass are all components of the original 
batch: water, in combination as hydroxides or hydrated salts, or as 'Vet” batch; 
carbon dioxide in combination as carbonates; oxygen, in combination as nitrate or 
introduced mechanically as entrapped air; sulfur dioxide introduced as sodium 
sulfate; and nitrogen, from entrapped air. During the melting of the glass, these 
substances are given off in large quantities; that which remains in the glass is only 
a small proportion of that introduced into the batch. ' « 


•• op* cti. 
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As shown by P. Niggli,®^ the amount of gas in solution in the glass 
depends on the temperature of treatment, the pressure of each gas in the 
atmosphere above the melt, and the composition of the glass. 

E. W. Washburn, F. F. Footitt, and E. N. Bunting^^ found that glass 
molten in vacuum gave off amounts of different gases which are shown in 
Table 26. 


TABLE 26 ' 

Amount and Composition of Dissolved Gases in Finished Glass 


Glass 

Weight Per Cent 

1 Volume in cm* (S.T.P.) 
per 100 g 

0 , 

CO 2 

N 2 

Total 

02 

CO 2 

N, 

Total 

Barium flint 1 

0.035 

0.011 


0.046 

24.5 

8.8 


33.3 

Barium flint 2 

.015 

.0045 


.020 

10.5 

3.6 


14.1 

Light flint 

.0045 

.014 

0.0025 

.21 

3.2 

11.2 


16.4 

Borosilicate 

.0036 

.0035 

.0031 

.010 

2.5 

2.8 

2.5 

7.8 

Water at 0® C 





5.15 

179.2 

2.24 



The last four columns give the volumes in cubic centimeters at 0® C 
and 760 mm pressure, per 100 g of glass. The solubilities in water at 
0° C are given for comparison at the bottom of the table. It is evident 
that the amounts of gases dissolved in molten glass are considerable. 
Compared with the volumes of gases actually evolved from glass vessels 
in high-vacuum exhaust, even at the highest temperatures practicable, 
the volumes observed for molten glass are much larger. This probably 
accounts to some extent for the observed increases in pressure in sealed- 
off glass vessels. 

R. H. Dalton®^ devised an apparatus for analyzing the gases evolved 
from glass at 1400° C. Table 27 gives the amount and composition of 
the gas from several commercial glasses, and from one experimental 
glass, No. 8, containing an unusually large amount of arsenic. The 
third column gives the volume in cubic centimeters (S.T.P.) per gram 
of glass. 

Table 28 summarizes observations made by C. Hahner, G. Q. Voigt, 
and A. N. Finn®^ on different glasses at the temperatures shown in the 

J, Am, Chem, Soc,, 36 , 1693 (1913). 

Univ. Illinois Eng. Expt. Sta. BvU. 118 (1920). 

Am. Ceram, Soc.y 16 , 425 (1933); J, Am. Chem. 8oc., 67 , 2150 (1935). 
G. W. Morey, op. dt.f p. 100. 

J. Research Nail. Bur. Standards^ 19, 95 (1937). 
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TABLE 27 

VoLxmB AND Composition op Gases Evolved from Glass at 1400° C 

(Dalton) 

Percentage Composition of Gases* 


No. 

Glass Type 

Vo 

H 2 O 

SO 2 

CO 2 

O 2 

R 

1 

Barium (optical) 

0.71 

23 


38.6 

38.6 

0.1 

2 

Soda-lime (milk bottle) 

0.93 

51 

33.6 

3 

11.5 

0.1 

3 

Borosilicate (heat-resistant) 

0.40 

91.6 


6 

3.5 


4 

Soda-lime (bulb) 

0.90 

44 

35.5 

5.75 

14.6 


5 

Borosilicate (heat-resistant) 

0.36 

90.6 

0.3 

3.6 

6 


6 

Borosilicate (bulb) 

0.74 

94 

2.6 

3 

3.25 


7 

Lead (sign tubing) 

0.70 

36 

8 

0.7 

66.6 


8 

Soda-lime (experimental) 

1.41 

28 

10 

8 

63 


9 

Borosilicate (heat-resistant) 

0.44 

93 

2 

4 

4 



* The values given are, in each case, the average values of two sets of determina- 
tions given in the original paper. The symbol R refers to nitrogen and other non- 
condensible gases. 


second column. The first group includes optical glasses; the second 
group, commercial glasses. The last column, headed As, refers to the 
total percentages of AS 2 O 3 and AS 2 O 5 . (The original table gives the 
separate values for each of these oxides.) The term R 2 O 3 refers to 
oxides of aluminum, iron, etc. The light barium crown C also contained 
0.5 per cent Sb 203 . The last sample was analyzed only for SO 3 . 

In Tables 23, 27, and 28 the compositions have been given for a number 
of types of glass, in connection with the amount and composition of gases 
evolved on heating to high temperatures. It is therefore of interest to 
note the data in Table 29, for the chemical composition (per cent by 
weight) of glasses used in high-vacuum devices, taken from a paper by 
R. W. Douglas®* dealing with the thermal, mechanical and electrical 
properties of these glasses. 

The customary classification and applications are described as fol- 
lows: 

A, B, and C are soft soda glasses, used in lamp and radio tubes, also in 
tubing for neon sign li^ts. 

D, E, F, and G are hard borosilicate glasses, used in high-wattage 
lamps and vacuum tubes, also in vapor stream pumps and in chemical 
apparatus. 

H and I are lead glasses, used in vacuum seals of lamps and tubes. 

J and K are extra hard glasses, used in mercury-vapor (Charge lamps. 

L refers to a special glass used in sodiUm-vapor lamps because of its 
resistance to chemical attack by sodium. 

0* J. Sd. Indruments, 22, 81 (1945). 
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♦ Volume in cm* (S.T.P.). 

t The s3anbol R refers to other non-condensible gases. 
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TABLE 29 

Chemical Composition op Glasses Used in High-Vacuum 
Devices 


Type 

Si 02 

AI 2 O 3 

B 2 O 8 

PbO 

CaO 

MgO 

Na20 

K 2 O 

BaO 

A 

70,5 

1.8 

— 

— 

6.7 

3.4 

16.7 

0.8 

..... 

B 

69.0 

4.0 

— 

— 

5.8 

1.6 

17.5 

1.9 

— 

C 

69.3 

3.1 

1.2 

— 

6.6 

3.4 

16.8 

0.6 

— 

D 

80.1 

3.0 

12.0 

— 

0.2 

— 

3.9 

0.3 

— 

E 

80.6 

2.7 

12.2 

— 

— 

— 

4.2 

— 

— 

F 

71.0 

7.4 

13.7 

— 

0.3 

— 

5.3 

2.4 

— 

G 

71.6 

5.7 

11.0 

— 

3.6 

0.6 

3.6 

3.9 

— 

H 

66.5 

1.5 

— 

29.0 

0.2 

0.6 

5.6 

6.6 

— 

I 

57.0 

1.5 

— 

29.4 

0.2 

0.4 

4.1 

7.3 

— 

J 

54.5 

21.1 

7.4 

— 

13.5 

— 

— 

— 

3.6 

K 

58.7 

22.4 

3.0 

— 

5.9 

8.4 

1.1 

0.2 

— 

L 

22.6 

23.7 

37.0 

— 

10.0 

— 

6.5 

0.2 

— 


Adsorption on Glass. The observations made by Langmuir on 
adsorption, at liquid-air temperatures, of carbon monoxide, argon, 
oxygen, methane, and nitrogen, on well-desorbed surfaces of glass have 
been summarized in Table 7.11. As will be observed, the values of a, 
the fraction of the surface covered with a monolayer, ranged from 0.123 
for oxygen to 0.545 for methane. 

H. Zeise®® repeated Langmuir's experiments, using much larger sur- 
faces of glass microscope covers, which were heated in vacuum for 2}/^ 
hours at 420° C, and for an hour longer at 420° C to 450° C. The 
adsorption isotherms were observed at very low pressures (in the range 
of 10~^ nun and lower) at 90° K. Zeise found that though the results 
could not be represented satisfactorily by the hyperbolic equation, they 
did satisfy a relation of the form 




kikiP 


+ k2P 


( 1 ) 


where q = number of moles per unit area. 

Hence, the volume adsorbed per square centimeter at saturation, 
v„ is given by the relation 

V, 22,415'S/^ cm* (S.T.P.), (2) 

phytik. Chm., 1S8, 385 (1928). See diecuvriion of this work in Chapter 7. 
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and a, the fraction of the surface covered, by the relation 

a = 22,415^ (3) 

(vo)* 

where («o)« is the volume corresponding to a layer one molecule thick. 
(See row 11, Table 7.25.) x 

Table 30 gives the values of ki observed by Zeise from which have been 
calculated the values of d, and a. 

TABLE 30 

Adsorption on Plane Glass Surfaces at 90° K (Zeise) 


Gas 


lO^t;, 

lO^vo), 

a 

CH« 

7.59 

1.953 

2.48 

0.79 


7.21 

1.903 


.77 


7.86 

1.987 


.80 

Ns 

1.70 

0.924 

2.70 

.34 


1.88 

0.972 


.36 

Os 

1.24 

0.789 

3.07 

.26 


0.63 

0.561 


.18 

Hs 


(0.35) 

(5) 

(.07) 


The adsorption data for hydrogen were not sufficiently reliable to ob- 
tain a satisfactory value for ki, but by comparison with the observations 
for oxygen it may be concluded that was approximately the value 
given in parentheses. As shown in the last column, the values deduced 
for a are less than unity and are of the same order as those observed by 
Langmuir. 

F. Durau^®” investigated the adsorption on carefully dried and evacu- 
ated glass powder. Even after treatment in vacuum at 570° C, the 
powder continued to give off gas at higher temperatures (up to 1060° C). 
At each temperature an equilibrium was reached at which the gas 
evolution was practically zero. After the high-temperature treatment 
the powder did not adsorb nitrogen, hydrogen, or dry air at 18° C. It 
was observed that carbon dioxide was adsorbed, but only to the extent 
of 16.4 per cent of the surface at 1 atm pressure. The surface area of the 
powder was determined from measurements of the adsorption of dyes.*®^ 

The sorption of water vapor by glass has been investigated by I. R. 
McHaffie and S. Lehner^®* by a method which, as Brunauer describes it, 

Physik, 87, 419 (1926). 

See description of this method in SB, p. 277; McB, p. 334. 

»»* /. Chem. Soc., 127, 1659 (1925); J. Phys. Chem., 81, 719 (1927); see SB, p. 
320; MoB, p. 225, for detailed discussion. 
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consists simply in measuring at different temperatures the pressure of a known 
amount of vapor enclosed in a vessel of known volume and known surface area. At 
the lower temperatures part of the vapor must be in the liquid form, at the higher 
temperature all must be in the gaseous state. 

At these higher temperatures the pressure decreases linearly with de- 
crease in temperature; at the lower temperatures, the pressure will cor- 
respond to that of the saturation vapor pressure of the liquid. When 
adsorption occurs, the transition in the plot of P versus T from the high- 
temperature to the low-temperature range will not be sharp, but gradual. 

From their observations, McHaflSe and Lehner arrived at the follow- 
ing conclusion: For values of P/Pq less than about 0.7, the number of 
molecular layers adsorbed is one or less; but as P is increased and 
approaches Pq the number of layers increases rapidly and approaches a 
value of the order of 100. 

J. C. W. Frazer, W. A. Patrick, and H. E. Smith^®® have, however, crit- 
icized this conclusion because of the fact that McHaffie and Lehner had 
used glass washed with chromic acid. This undoubtedly increased the 
effective surface area man 5 ffold. For instance, P. H. Emmett'®^ found 
by the method of nitrogen adsorption that washing small glass spheres 
with chromic acid increased their surface by 40 per cent. Similar ob- 
servations have been made by H. S. Frank'”® in the case of Pyrex glass 
treated with chromic acid cleaning solution. But, even if the actual 
quantitative data obtained by McHaffie and Lehner are in error, it may 
be concluded from their observations and from those made by J. H. 
Frazer'”® that, for relatively large values of P/Pq, the adsorbed layers 
of water are many molecular diameters thick. 

The low-pressure adsorption of water vapor on glass, at 26° C, has been 
measured by H. S. Frank.'”^ As mentioned above, the Pyrex surface 
was treated with chromic acid and then washed with distilled water and 
evacuated at ordinary temperature. Water vapor was then let in at 
low pressure, and the equilibrium pressure was determined as well as the 
amount adsorbed. The observations are summarized in Table 31. The 
volume in cubic centimeters (S.T.P.) per square centimeter is denoted 
by % 

The last coliunn gives the thickness of the adsorbed layer in molecular 
J. Phv$. Chem., 81, 897 (1927). 

^o^See E. 0. Kraemer, Advances in CoUdd Science, Chapter I, Interscience 
Publishers, New York, 1942. 

J. Phys. Chem., 88, 970 (1929). 

“* Phys. Rev., 88, 970 (1929). 
hoc. CU. 
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diameters. That 


n= 10® 


^0 

3.54 ‘ 


( 4 ) 


Assuming that the effective surface was greater than that calculated 
from the geometrical dimensions, these results are entirely compatible 
with the conclusion that the adsorbed water formed a layer that did not 
exceed about one molecule in thickness. 


TABLE 31 

Adsorption op Water Vapor by Glass at 25® C 


5.2 

13.4 

46.2 

64.8 

87.0 


10 % 

1.157 

2.201 

4.340 

5.231 

5.969 


n 

0.327 

0.622 

1.226 

1.478 

1.686 


Of interest are some observations made by J. J. Manley^®® on what he 
has designated as primary and secondary adsorption skins. As has been 
observed repeatedly, in a sealed-off system which has previously been 
evacuated thoroughly, a small gas evolution continues for months. The 
rate of this evolution decreases with time and finally reaches an extremely 
low value. Such a system was left undisturbed for 3 years. Then tin 
foil was put on the outside of the bulb and connected to one pole of an 
induction coil. Current was passed through the glass for 5 minutes, and 
this procedure was repeated ten times.' The bulb was filled with a 
bright glow during discharge, and at the end of the experiment the 
volume of gas evolved corresponded to a layer approximately 20 mole- 
cules thick. 

From this observation Manley concludes that 

in addition to the skin removable by pumping and termed a secondary skin, the glass 
possesses a primary and far more permanent one. . . . From my experiments it 
appears (1 ) that a nude surface, when brought into contact with a gas, first acquires 
a true, permanent and primary skin which under all conditions is retained even in the 
presence of high vacua; and (2) that the completed primary skin adsorbs a quantity 
of its parent gas in much the same way as solids in general do. According to this 
view the skin which I have termed secondary is not a true skin, but a certain mass of 
gas which varies with temperature, pressure, etc., condensed upon and commingled 
with the molecular groups forming the true and primary skin. 

The values of n thus deduced are less than those given by F)rank because of the 
different value of molecular cross section used by the writer. 

Proc. Phys, Soc. London, 36, 288 (1924). 
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The method used by Manley in denuding the glass surface is closely 
allied to that of electrical clean-up of gases, which is discussed in 
Chapter 10. 

Finally, observations made by H. C. Hamaker, H. Bruining, and 
A. H. W. Aten, Jr.,“° on a very probable cause of slumping of oxide 
cathodes in vacuum tubes should be mentioned. According to these 
investigators there is a slow evolution of hydrogen chloride from glass 
heat^ to 400° C, due to the reaction 

2NaCl -I- SiOa + H 2 O 2HC1 + NaaSiOa. 

The hydrogen chloride reacts with the carbonates or oxides on the 
cathode to form the corresponding chlorides. 

When the cathode is subsequently heated these chlorides evaporate and condense on 
the grid and the anode. Under electron bombardment these chlorides decompose, 
thereby producing chlorine atoms or positive chlorine ions which poison the cathode 
emission in a very pronounced way. 

The sodium chloride is introduced in the manufacture of glass as a 
slight impurity in the sodium carbonate. The reaction between the 
salt and water vapor occurs “on a production scale” at red to dull-red 
temperatures. But at 400° C hydrogen chloride is evolved at a sufficient 
rate to produce the poisoning effect mentioned above. However, if the 
temperature of the glass during bake-out on the pump is not raised to 
much above 200° C, the rate of reaction is decreased enormously. The 
authors have observed that, in order to prevent the deleterious effects 
of hydrogen chloride on the cathode, “a large patch of barium carbonate 
somewhere in the bulb proved effective” as well as “evaporation of some 
of the bariiun getter before baking-out or rinsing the interior of the bulb 
with caustic potash solution before sealing-in.” 

7. DIFFUSION OF GASES THROUGH QUARTZ AND GLASSES"^ ' 

It has been observed that thin-walled vessels of quartz or glass are 
permeable to helium, hydrogen, and a few other gases, especially at 
higher temperatures. 

Let q denote the volume in cubic centimeters (S.T.F. ) flowing through the 
wall, per square centimeter per second. Since q varies linearly with the 

Philips Research RepU., '2, 171 (1947). 

The disoussion in this section is based largely on the comprehensive review of 
tite topic by R. M. Barrer, Difftuwn Inland Through SoHds, pp. 117-143, The 
Macmillan Company, New York, 1941. This reference is designated RB. See also 
discuMOn of diffusion of gases in metals in CSiapttf: 9, section 10. 
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pressure of the gas,^^* and inversely as the wall thickness, d, we can 
express , these relations in the form 


3 = 


d 


( 1 ) 


where K is designated the ‘permeability. In the literature on this topic 
P is usually expressed in centimeters of mercury (as Pen), and d in 
millimeters. Hence K denotes the volume in cubic centimeters (S.T.P.) 
per second per square centimeter, per millimeter thickness, per centimeter 
pressure. 

The value of K increases rapidly with increase in T, and it has been 
observed that it is possible to express K &s& function of T by means of 
the relation 

K = (2) 

where E is the activation energy for the reaction, expressed in calories 
per mole. The last equation can be written in the form 

\ogK = A-^. (3) 


where 


and 


A = log Ko 


B 


E 

4.574* 


(4) 


Instead of expressing the rate of flow in atm • cm® /sec, which is a 
magnitude of the order of 10~® to 10~^® or less, it is more convenient from 
a practical point of view to express the rate in terms of micron • 
liters (at 0° C) per hour per square centimeter, per millimeter thickness, 
for Pem — 76. Hence 

= 3600 • 760 • IQK = 2.08 • 10®^. (5) 


For the rate in micron • liters at 26° C, the value obtained by means 
of the last equation should be multiplied by the factor 298/273 = 1.091. 
From equations 4 and 5 it follows that 

log = 8.318 4- ^ (6) 


In this discussion it is assumed thatiP ■» 0 on one side of the wall through which 
diffusion occurs. Otherwise P in the following equations should be replaced by AP, 
the pressure difference. 
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by means of which it is possible to derive the value of T corresponding to 
any given value of Q^i. 



Fig. 23. Semi-log plots of permeability versus 1/T for helium in quartz, according 
to three different publications. (Numbers on plots correspond to references to 

Tables 32 and 33.) 

As an illustration of the method used in deriving values of A, B, E and 
Q^i from observed values of K we shall use the data given in Table 32 for 
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the permeability of helium in quartz, which are taken from Barrer^s 
treatise. 


TABLE 32 

Values op the Permeability (10®iiC) fob HE-S 1 O 2 


fc 

lovr 

Ref. 1* 

Ref. 2* 

Ref.3* 

150 

2.364 

0.73 

0.78 

— 

200 

2.114 

1.39 

1.52 

— 

300 

1.745 

3.15 

4.13 

0.48 

400 

1,486 

6.15 

8.25 

0.99 

600 

1.294 

10.4 

13.8 

1.72 

600 

1.146 

16.4 

19.3 

3.00 

700 

1.028 

21.9 

— 

4.25 

800 

0.922 

28.5 

— 

5.50 

900 

0.853 

36.2 

— 

6.72 

1000 

0.786 

45.4 

— 

8.42 


* See references below Table 33. 


Figure 23 shows corresponding plots of log K versus lO^/IT. From 
these plots are derived the values of the constants A, B, and from 
which in turn are derived the values of the temperature in degrees 
Centigrade for Q^i = 0.1 and 1.0 (micron • liter/Ar). Values thus cal- 
culated are shown in Table 33. 

TABLE 33 


Permeabilities op Quartz and Pyrex 


System 

Ref, 

9+A 

\ 




1.0 

0.1 


1 

2.670 


5,429 

1.888 

355 

134 

He-SiU2 

2 

2.609 

ESI 

5,247 

1.927 

322 

119 

(loU-lUUU 

3 

1.912 


5,793 

1.229 

767 

295 

He-Si02 

2 

2.363 


4,771 

1.681 

347 

116 

(-200-150° C) 

2 

2.349 

19 

4,846 

1.667 

362 

124 

Ne-Si02 

1 

1.864 

2094 

9,583 

1.182 

— 

686 


3 

2.417 

1888 


1.735 

815 

417 

H2rSi02 

4 

2.373 

1694 

7,756 

1.691 

729 

356 


5 

2.125 

1778 

8,141 

1.443 

959 

455 

XT- 

3 

mmi 

4820 

22,060 

3.404 

1143 

821 


5 

mm 

5608 

25,210 

4.096 

1072 

808 

He-Pyrex 

6 

1.580 

1170 

5,356 

0.898 


314 

Air-porcelain 

7 

4.280 

7800 

mm 

3.598 

B 

1440 
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R^ermcea for Tablet 3S and S3 

1. L. S. T’sai and T. Hogness, J. Phya. Chem., 86, 2595 (1932). 

2. E. 0. Braaten and G. Clark, J. Am. Chem. Soc., 57, 2714 (1935). 

3. R. M. Barrer, J. Chem. Soc., 1934, 378. 

4. G. A. Williams and J. B. Ferguson, J. Am. Chem. Soc., 44, 2160 (1922); 46, 
635 (1924). 

5. J. Johnston and R. Burt, J. Optical Soc. Am., 6, 734 (1922). 

6. W. D. Urry, J. Am. Chem. Soc., 64, 3887 (1932). 

7. W. F. Roeser, Bur. Standarda J. Reaeareh, 7, 485 (1931) (RP 354). 

Barrer has deduced values for E which are somewhat higher than 
those given in Table 33. This is probably due to the fact, which is 
evident from an inspection of the plots in Fig. 23, that a certain amount 
of personal judgment is involved in drawing the “best” straight line 
through the set of points for a given temperature. 

Urry’s observation that Pyrex is permeable to hydrogen has not been 
confirmed by Williams and Ferguson. 

Barrer has observed permeation of air, oxygen, and argon in quartz. 
For argon the rate was extremely slow and was accelerated by treatment 
of the surface with hydrofluoric acid. 

In order to show the selectivity of the permeability of ^ca towards a 
number of gases, Barrer has used the observations upon which the con- 
stants given in Table 33 are based to calculate the permeabilities of a 
number of gases at 900° C.“^ Values of K and derived values of Qf,i 
are given in Table 34. 


TABLE 34 

VAIitTES OF THE PERMEABILITIES OF DIFFERENT GaSES IN FuSED 

Quartz at 900® C 


Gas 

lO^K 

Qui 

He 

36.2 

7.62 

Hj 

6.4 

1.33 

Ne 

1.18 

0.246 

Nj 

0.96 

0.198 

A 

0.68 

0.120 


Barrer has also compared the permeability of different materials for the 
same gas (helium) at around 300° C. These values and derived values 
of Qiti are given in Table 35. 

C. C. Van Voorhis“* investigated the permeability of a number of 
glasses to helium. He observed that acidic oxides such as boric oxide or 

Values for hdium and neon are also given by E. L. Joasem, Ree. 8a. Inatrur 
menta, 11, 164.(1940). 

“« PAy«. Rev,, 88, 557 (1927); RB, p. 129. 
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TABLE 35 


Permeabilities op Different Glasses and Quartz for Helium 
AT ABOUT 300® C 


Material Temperature, ® C 10®iiC 
Si02 300 3.15 

Pyrex 300 0.38 

Soda-glass 283 0.0098 

Lead-glass 283 0.0037 


Qtxi 

0.655 

.079 

.00204 

.00077 


silica increased the permeability, while basic oxides decreased it approxi- 
mately in proportion to their amount. 

The results obtained by Roeser on the passage of air through porcelain 
varied for different samples, and his values of log K versus 1 /T do not give 
a satisfactory linear plot. Hence, the values for the permeability con- 
stants given in the last row of Table 33 should be considered as only 
approximate. 

According to A. S. Russell and J. J. Stokes, Jr.,^^® the diffusion of 
hydrogen through Vycor glass, in the range 700® C to 975° C, is about 
the same as that of hydrogen through quartz, in the same range of tem- 
peratures. The rate of diffusion of oxygen was observed to be about 
one-twelfth that of hydrogen. 

The mechanism of diffusion in glasses and silica has been discussed 
comprehensively by Barter. He states, 

The diffusing gases can migrate according to two mechanisms. Helium, hydrogen, 
and neon can pass through the ‘lattice^^ of fused silica at high temperatures. The 
heavy gases, oxygen, nitrogen, and argon, migrate mainly through slip planes. At 
low temperatures, helium, hydrogen, and neon also show slip-plane diffusion. There 
is evidence that migration proceeds from the adsorbed layer, not directly from the 
gas phase. 

Barter has shown that the values observed for the energy of activation 
can be accounted for on the basis of the known laws of interaction of the 
rare gases, nitrogen, and hydrogen with glass and quartz. 

A similar opinion regarding the mechanism of diffusion in glass is 
favored by W. A. Weyl. He states, 

As in chemical reactions the molecule jumps from place to place and the kinetics of 
this process can be treated from the point of view of reaction rates. The activation 
energy of the chemical process corresponds to the energy required to jump over an 
energy hill; that is, to squeeze through the electric fields of its neighbors. If the 

J, Am. Chem. Soc., 69 , 1316 (1947). 

J. Chem. Soc.t 1934 , 378; also J. H. Simons and W. R. Ham, J, Chem, Phys., 
7, 899 (1939). 

Research, 1, 50 (1947). 



Sbc. 7] 


DIFFUSION OF GASES THROUGH QUARTZ 


537 


constituents of the solid exert strong forces upon the diffusing units, the activation 
energy is high and the process is slow. The chemical concept accounts for the fact 
that hydrogen diffuses much more slowly through the oxygen network of a glass than 
does helium because of the smaller ‘^chemical affinity^ ^ for the oxygen ions. 

Furthermore, it is possible on this basis to interpret the observations 
made by P. L. Smith and N. W. Taylor^ on the diffusion of a gas 
through glasses of the same composition but different heat treatment. 
According to Weyl, glass which has been chilled from a high temper- 
ature can be considered an unstable modification having a higher energy 
content. The higher chemical affinity of such a chilled glass increases 
the activation energy of the diffusing units and slows down the diffusion 
rate.^’ It has also been observed that, “with the exception of lead- 
containing glass, all showed a marked decrease in the diffusion after 
chilling. 

The experiments indicate that chilling exerts two antagonistic effects upon the 
diffusion of gases through a glass: 

a. The more spacious network of the rapidly chilled glass (lower density) enables 
gas atoms or molecules to flow faster than through the more ‘ ^compacted’ ^ well- 
annealed glass. 

b. The chemical forces of a chilled glass are stronger, or the valence forces of the 
ions are less “saturated,'^ than those of the annealed glass. The stronger forces delay 
diffusion by increasing the activation energy, or raise the energy barriers over which 
the diffusing atoms have to pass. 

For soda-lime silicate and borosilcate glasses the second factor apparently domi- 
nates the diffusion process and as a result the diffusion is faster in the annealed glass 
than in the chilled one. 

Finally, it is important to note that the permeability is actually 
proportional to the diffusion constant of the gas in the material and to 
the solubility of the gas, in accordance with the relation 

AP 

K (7) 

a 


where D = 
c « 

d 


diffusion constant, 
solubility. 

pressure gradient across the thickness. 


The solubility of hydrogen and helium in fused silica is approximately 
0.01 cm® (S.T.P.) per cm® at 1 atm and temperatures above about 700® C. 
Substituting this value in the above equation, it is possible, from the 
observed values of K, to derive values of Z). Thus, for helium in fused 
silica, the value of D at 500® C lies between 10~^ and 10“® cm^ • sec~^ 

J, Am, Ceramic Soc,, 23, 139 (1940). 
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Since the value of c may be assumed to be constant over a considerable 
range of temperature, it follows that in the relation 

D = (8) 

the values of E are approximately the same as those derived from the 
temperature variation in K. s 

8. SORPTION AND DESORPTION PHENOMENA IN CELLULOSE”* 

Occasionally the problem arises in vacuum technique of evacuating a 
device in which cellulose materials such as cotton, paper, or wood are 
present. The principal difficulty encountered in that connection is due 
to the fact that water vapor as well as carbon dioxide and many organic 
compounds (especially those containing a hydroxyl or — OH group) are 
strongly adsorbed by cellulose. It has therefore seemed to the writer 
that a brief review of some of the most salient observations might prove 
of interest. 

Cellulose**® has the chemical composition CsHioOs. Its avidity for 
water is shown in the formation of a hydrate, (C 6 Hio 06 ) 2 H 20 . '\^en 
heated to a temperature above about 130° C in vacuum, cellulose begins 
to decompose at an appreciable rate with consequent loss of mechanical 
and electrical strength. It is therefore impractical, in general, to evac- 
uate cellulose materials at temperatures in excess of the above value. 

Like silica gel and other adsorbents mentioned in the previous sections, 
the sorption and desorption isotherms for water and cellulose present 
a “hysteresis” loop. Figure 24 shows plots of observations made by 
E. Filby and 0. Maass*** on standard cellulose at 20° C, in which per- 
centage moisture is plotted against percentage relative humidity. 

Table 36, taken from a publication by S. E. Sheppard and P. T. 
Newsome,*** gives typical data for the sorption by cotton cellulose at 
23° C. Before these observations, the samples had been evacuated and 
dried at 105° C. The three sets of data refer to results published by 
different investigators. 

For discussion of earlier work on this topic see MoB, Chapter XII, p. 358. 

For a discussion of the chemical and physical characteristics of cellulose and 
its derivatives, the reader should consult the treatise CeUvJou and CeUulou Derixor 
tixe* by E. Ott, High Polymers, Vol. 5, Interscience Publishers, 1943. This contains 
a chapter, “Sorption of Water and Other Vapors by Cellulose,” by E. I. Valko. The 
Cherrdetry of C^vdoee by E. Heuser, John Wiley and Sons, New York, 1944, contains 
a chapter on the reactions of cellulose with water. 

Can. J. Research B18, 1 (1936). 

/. Ind. Eng. Chem., 88 , 286 (1934). 
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Fig. 24. Sorption and desorption isotherm for water vapor and 
standard cellulose at 20° C (Filby and Maass). 


TABLE 36 

SoRPnoN OF Water Vapor bt Cellulose Cotton at 23® C 


Relative 

Pfnm> of 


Sorption 


Humidity 

H 2 O vapor 

Milligrams H 2 O per Gram 

Cotton 

0.05 

1.064 

14.4 

10.4 

12.5 

0.10 

2.107 

20.4 

17.1 

19.0 

0.15 

3.161 

24.4 

21.6 

23.2 

0.20 

4.214 

28.4 

25.8 

26.4 

0.25 

5.268 

33.4 

29,8 

29.6 

0.30 

6.321 

37.4 

33.6 

32.8 

0.40 

8.428 . 

45.8 

40.8 

39.4 

0.50 

10.54 

54.4 

48.1 

46.0 

0.60 

12.64 

63.8 

56.9 

53.3 

0.70 

14.75 

75.8 

66.6 

62.0 

0.80 

16.86 

93.8 

81.5 

71.6 

0.90 

18.96 

125.6 

115.4 

84.0 

1.00 

21.07 
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Of special significance in connection with vacuum technique are the 
observations made by S. M. Neale and W. A. Stringfellow.*®® They 
determined the amounts taken up by cotton at low -pressures, for a series 
of temperatures. Table 37 summarizes their results, which were ob- 
tained with samples of yam that had been evacuated at 90° C for several 
hours. A definite amount of water was then adnuitted to the cotton, the 
temperature raised to the desired value, and the pressure read peri- 
odically until a steady value was obtained. “Steady readings were 
obtained within an hour or two after a change of temperature.” The 
system was re-evacuated with the cotton at 90° C before the next admis- 
sion of water. 


TABLE 37 

Equiubrium Pressures for Different Amounts of Water 
Adsorbed by Cotton at a Series of Temperatures 

Water Pressure in Microns 


adsorbed, 

mg/g 

20° C 

30 

40 

50 

60 

70 

80 

0.120 

(LOS) 

2.00 

4.33 

9.00 

19.9 

39.0 

77.0 

0,234 

1.65 

3.60 

8.5 

19.2 

40.8 

81 

157 

0.517 

4.06 

10.3 

23.4 

51 

107.5 

219 

440 

0.795 

7.65 

17.8 

40.8 

88 

185 

380 

725 

1,060 

11.9 

27.8 

62.5 

139 

306 

586 

— 

1.595 

20.15 

47.0 

111.4 

250 

510 

(880) 


Vapor pressure 
of water, mm : 

17.54 

31.82 

55.32 

92.6 

149.4 

233.7 

355.1 


The last line gives the vapor pressure of water, at each temperature, 
in millimeters of mercury, from which the equilibrium pressure may be 
derived in terms of relative humidity. For instance, an equilibrium 
pressure of 250 microns at 50° C corresponds to 250 • 10~® • 100/92.6 
= 0.27 per cent relative humidity. 

Figure 25 shows plots of these data, and from them we conclude that, 
if a device is sealed off under such conditions that the pressure of water 
vapor at 30° C is 17.8 microns, the amount of water retained in the 
cotton is 0.795 mg/g. 

Neale and Stringfellow also showed that, for the isosteres (curves for 
constant amount adsorbed), values of log P plotted against l/T yield 
straight lines with the same slope, independent of the amount sorbed, 
corresponding to a heat of adsorption, Q = 15,700 cal/mole.^** That is, 

Trans. Faraday Soc., 87, 526 (1941). 

The values of the heat of evaporation of water at 40° C and 100° C are 10,332 
and 9712 cal/mole, respectively. 
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Fig. 25. Sorption isotherms for water vapor by cotton at a series 
of temperatures (Neale and Stringfellow). 

for constant amount adsorbed f 

. O , D IVOO / 1 IN 
lc«P,-logP„ + — -jj, 

where the value of P at 70° C, for the given amount of sorption, is ob- 
tained from the plot in Fig. 26, and Pt is the equilibrium pressure at <° C. 
Extrapolating, by means of the last equation, to higher temperatures, 
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we obtain the sorption isotherm for 85° C, plotted in Fig. 25, and the 
isotherms for hi^er temperatures shown in Fig. 26. Assuming that for 
small amounts of water adsorbed there is a linear variation with pressure, 
it follows that for a vapor pressure of 1 mm at, for instance, 140° C, the 
amount of water retained by the cotton would be 0.05 mg/g. 



Fio. 26. Sorption isotherms for water vapor by cotton, extrapolated 
to higher temperatures from the isotherms in Fig. 25. 


It is interesting to compare these sorption data for cotton, extrap- 
olated from observations at temperatures below 100° C, with observa- 
tions made by C. C. Houte and D. A. McLean* “ on the sorption of 
water vapor by paper, at temperatures ranging from 100° C to 150° C. 

The samples were weighed in the dry condition after being heated at 
100° C, in vacuum, for at least 8 hours. Figure 27 shows the isotherms, 
obtained with linen rag paper, in which the amount sorbed (mg per 100 g 
paper) is plotted against the pressure of water vapor. 

Observations, made under similar conditions, with wood pulp gave 
somewhat higher values for the amount sorbed. Table 38 gives data 
obtained at relatively low vapor pressures for the two samples of paper 
and, for comparison, values taken from the plots in Fig. 26 for cotton. 

J. Phy». Chem., 48 , 309 (1939). 
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Fig. 27, Isotherms for sorption of water vapor by linen rag paper 
(Houtz and McLean). 


TABLE 38 

Sorption op Water by Paper and Cotton in the Range 100-150® C 


Milligrams per Gram 





*- - - 


<®c 

P mm 

linen Rag 

Wood Pulp 

Cotton 

100 

1,52 

0.63 

0.92 

0.65 


3.04 

1.25 

1.60 

.91 

110 

2.15 

0.64 

0.77 

.46 


4,30 

1.00 

1.32 

.80 

120 

2.98 

— 

0.72 

.40 


5.96 

— 

1,20 

— 

130 

4.05 

0.38 

0.56 

.34 

140 

4.05 

— 

— 

.21 

150 

7.14 

0.28 

0.40 

— 


Houtz and McLean found that their isotherms could be represented 
by the Freundlich relation 

log a - log il + i log P, (1) 

n 

where a « milligrams pf H 2 O per gram of paper adsorbed at pressure P, 
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and A and 1/n are constants. The values of 1/n varied from 0.99 to 
0.767, depending on the temperature and on whether linen or wood paper 
was used. 

In a subsequent publication^^® the s’ame investigators observed that 
by heating the paper at 150® C during evacuation the sorption was re- 
duced to a reproducible minimum which varied (rom 85 to 70 per cent of 
the amount sorbed under similar conditions of temperature and pressure 
by the same material heated at 100® C. Similar variations were ob- 
tained in the values of 1/n as in the earlier series of measurements. 

Also a similar relation was observed for the isosteres as that observed 
by Neale and Stringfellow. From these linear plots of log P versus i/T 
for constant values of a, it was concluded that the heat of adsorption Q 
(in calories per mole H 2 O) decreased with a as follows: 


a 

Q 

0.25 

15,800 

0.60 

15,300 

1.00 

14,800 

2.00 

14,300 

3.50 

14,000 


It will be observed that the highest value observed for Q in this in- 
vestigation is in remarkable agreement with the value 15,700 deduced by 
Neale and Stringfellow. 

The results obtained in these investigations are typical of those ob- 
tained by other observers. 

In an investigation carried out in this laboratory by A. H, Young and 
the writer, on the rate and extent of desorption of samples of fiber and 
wood pulp, the following results were obtained: 

For samples evacuated at both room temperature and 140® C, the rate 
of decrease in weight (it?) was observed to follow the first-order equation 

- ^ - ■<A)), (2) 

where lOo = weight at t= and k denotes the “rate constant.” 
That is, a plot of log {w — Wq) versus t yields a straight line, the slope of 
which is proportional to k. At room temperature, the total time re- 
quired to remove 90 per cent of the adsorbed water from an approxi- 
mately 1-g sample of fiber was of the order of 8 hours, thus indicating 
that the rate of desorption was governed by the rate of diffusion of water 
vapor through the pores or capillaries. 

J. Phya. Chem., 45 , 111 (1941). 

See for instance the discussion and references given by E. I. Valko, op, eit. 
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The percentage loss by weight during evacuation for a typical sample 
was as follows: 

At 27° C about 2 . 5 per cent 

Between 27° C and 140° C about 2.5 per cent 
At 140° C about 1 . 2 per cent 

Total = 6.2 per cent 

This percentage corresponds to that sorbed by cotton, at room temper- 
ature, in an atmosphere of 60 per cent relative humidity. 

In the case of wood pulp, the observed rate of desorption, for the 
same size sample as that of fiber or paper, was much faster; and of a total 
loss in weight, on evacuation, of approximately 5 per cent, 4.6 per cent 
was obtained at room temperature. 

When desorbed samples of fiber and wood pulp were exposed to an 
atmosphere containing 30 per cent relative humidity at room tempera- 
ture, it was observed that the rates of sorption were so slow that even 
after several hours the gain in weight was only about 2 per cent. Even 
after 24 hours, the amount of water adsorbed was less than that given off 
during desorption. 

Of special importance in the evacuation of cellulose is the fact that 
the material undergoes thermal decomposition at a noticeable rate at 
100° C and at a much higher rate as the temperature is increased above 
100° C. The following discussion is based on the data published by 
E. J. Murphy.‘28 

The gases evolved during thermal decomposition of cellulose and their 
relative proportions are given by the approximate molar ratios: 
10 H 2 O : 2 CO 2 : 1 CO. As Murphy has stated. 

It is difficult to determine when paper is dry. As the drying process progresses, the 
rate at which water vapor comes off steadily decreases, but water vapor continues to 
come off, however long the drying is continued. Raising the temperature increases 
the rate of drying, but it also increases the rate of thermal decomposition. Water 
vapor coming from the thermal decomposition of cellulose is not distinguishable 
directly from water vapor coming from the adsorbed state. Thus the fact that water 
vapor continues to come off after protracted drying at any temperature above about 
100^ C does not mean that the paper can be dried further: It is not feasible to reach 
a condition where no more water vapor is evolved by paper. 

Dryness, or the lowest possible concentration of adsorbed water, can be recognized 
when water vapor comes off in association with COa and CO in proportions appro- 
priate to the temperature of the paper. At temperatures of the order of 130® C, 
paper which is yielding 2 or 3 molecules of water in association with about 1 molecule 
of COa and 1 of CO (or some proportions of this order) would be accounted dry. The 
degree of dryness could not be increased at this temperature without changing the 
composition of the paper. Thus the composition of the gas evolved can be used to 
determine an ^‘end point” in the drying operation. 

Trans, Am, Ekdrochem, Soc,^ 88, 161 (1943). 
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A plot of the rate of gas evolution versus l/r on semi-log paper yields 
a straight line. For kraft paper, the relation between rate of gas evolu- 
tion in cubic millimeters (at normal temperature and pressure) per hour 
per gram (denoted by q) is given by the relation, deduced from the plot, 

log g = 18.24 — > s 

corresponding to the activation energy, Q = 33,950 cal/mole. 

Assuming that 70 per cent by volume is HjO, this rate corresponds in 
mass to 

m = 8.050 • 10“* • 0.7g mg HaO/hr/g 
= 5.635 • lO—^g mg H20/hr/g. 

Hence 

7424 

logw = 14.751 

From the last equation we obtain the values for m, in milligrams 
water per hour per gram of paper, given in Table 39. 

TABLE 39 

Rate or Evolution op Water prom Paper, por a Series 
OP Temperatitreb (Murphy) 


fC 

10«m 

eo 

lO^m 

80 

0.537 

120 

0.741 

90 

2.00 

130 

2.14 

100 

7.08 , 

140 

6.03 

110 

24.0 




For linen paper, the rate of decomposition, according to Murphy, is 
about 55 per cent of that for kraft paper. 

It has also been observed by Murphy that paper reacts slowly with 
oxygen even at as low a temperature as 80° C. After exposing paper at 
135° C to air at atmospheric pressure for 1 hour the subsequent rate of 
evolution of gas in vacuum was increased considerably. 

The original report also contains a discussion of the effect of increased 
temperatures of desorption on the mechanical properties of papei;. 



CHAPTER 9 


GASES AND METALS 

» 

1. INTRODUCTORY REMARKS 

In his early work on the reactions tungsten and molybdenum with 
different gases at low pressures and the further investigations on ther- 
mionic emission, Langmuir recc^ized the importance of eliminating 
from these metals all traces of residual gases. Subsequent develop- 
ments in the production of electronic devices have served to emphasize 
this conclusion. In addition, recent investigations have also demon- 
strated that the mechanical and other physical characteristics of metals 
may be seriously affected by the presence in them of occluded or dissolved 
gases. 

Hence, a knowledge of the manner in which metals may take up gases 
and of the conditions under which these gases may be removed is of 
extreme importance in vacuum technique. 

In this chapter this subject will be discussed under the following 
headings: 

I. Sorption of gases by metals. 

II. Diffusion of gases through metals. 

III. Degassing of metals. 

Naturally there is available a vast literature on the subject, some 
of which can be summarized only briefly within the limitations of 
the present volume. However, treatises by C. J. Smithells^ and 
R. M. Barrer,^ together with those by Brunauer and McBain referred 
to in Chapters 7 and 8, should prove extremely valuable for further de- 
tails on many of the topics discussed in this chapter. 


2. PHYSICAL ADSORPTION AND CHEMISORPTION 

In Chapter 7 many illustrations have been mentioned of physical 
adsorption on metals, in the form both of smooth surfaces and of fine 

^ C. J. Snuthells, Gases and Metals^ Chapman and Hall, London, 1937. (Ref. 
CS.) 

^ R. M. Baiter, Diffusion In and Through Solids^ Chapters IV and V, Cambridge 
University Press, 1041. (Ref. RB.) 


547 



S48 GASES AND METALS [Chap. 9 

powders. Such examples of adsorption are characterized by the fact 
that the isotherms may be represented, at least at low pressures, by one 
of the equations that apply to adsorption in the form of monolayers. 
Furthermore, the observations that such adsorption is approximately 
non-specific with respect to the nature of the adsorbent and decreases at 
constant pressure with increase in temperature) and that the temper- 
ature coefficient of the sorption corresponds to a low heat of adsorption, 
lead to the conclusion that such adsorption phenomena are due to the 
action of so-called van der Waals forces. 

As another illustration of pure physical adsorption, the observations 
of F. Durau and C. H. Teckentrup,® on the sorption of different gases by 
finely divided iron powder, may be cited. This adsorbent was obtained 
by filing vacuum-fused electrolytic iron in vacuum; the isotherms 
were observed at 18° C, and for the pressure range 50 to 750 mm, for the 
following gases: A, Hj, Na, CO, N2O, CH4, CjHe, CgHa, C2H4, CaHe, 
and CH 3 CI. With these gases equilibrium was established very rapidly, 
and the isotherms were observed to be completely reversible. From an 
estimate of the gross surface area of the powder, the conclusion was 
drawn that the amount of adsorbed gas did not exceed that of a complete 
monolayer. 

On the other hand, in thq case of O 2 , CO 2 , C 2 N 2 , NO, SO 2 , and HCl 
(over the same range of pressures and at 18° C), the rate of adsorption 
was found to be much lower, and, even after desorption at less than 
ICT^ mm, relatively large amounts of the sorbed gases were retained by 
the powder. From this observation it was concluded that these gases 
were chemisorbed to a certain extent. 

In general, finely divided metals take up gases in large amounts. The 
sorption of hydrogen and carbon monoxide by pyrophoric iron, nickel, 
and cobalt has been investigated by N. Nikitin.^ Hydrogen is absorbed 
in considerable amounts by these powders at the temperature of liquid 
air. At higher temperatures (—80° C and room temperature) iron 
powder does not absorb hydrogen, but as the temperature is increased to 
380° C and higher the amount absorbed increases rapidly. This is due 
to the fact that at the lower temperatures physical adsorption takes 
place, which decreases with increase in temperature, whereas at the 
higher temperatures, as discussed more fully in a subsequent section, the 
hydrogen goes into solution and the amount dissolved varies as VP and 
increases with the temperature. 

In true physical adsorption the amount sorbed increases with decrease 


»Ann. Phytik, 12, 927 (1932). 

* Z, anorg. Chem, 164, 130 (1926). 
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in temperature, as stated in the previous chapters. However, it has been 
observed that frequently the sorption, after decreasing with increase in 
temperature to a minimum value, exhibits a reversal in this respect with 
still further increase in temperature until a maximum value is attained, 
after which further increase in temperature results in decreased absorp- 
tion once more. 



-300 - 250 - 200 -150 -100 - 50 0 50 100 150 


Temperature in *C 

Fio. 1. Isobara for the adsorption of hydrogen on nickel powder at three different 
pressures (Benton and White). 

Figure 1 shows isobars for hydrogen on nickel powder, which were 
observed by A. F. Benton and T. A. White.® Whereas equilibrium was 
reached almost instantaneously at — 180® C, about 1 to 2 hours was 
required at — 1(K)® C, and as will be observed the amount absorbed at 
— 1(X)® C was over 3 times that absorbed at — 180® C. 

Similar observations have been made by Benton and White* on 
the sorption of hydrogen by nickel and copper (see Fig. 2) and by 
H. S. Taylor and P. V. McKinney^ on the sorption of carbon monoxide 
by palladium. As indicated in Fig. 2 , the sorption of hydrogen by nickel 
is a maximum at 0® C. There are many examples of sorption in which 

* J. Am. Chem. Soe., 68 , 2326 (1930) ; CS, p. 32, Fig. 22. 

* /. Am. Chem. See., 64 , 1373 (1932). 

^ J. Am. Chem. Soc., 63 , 3604 (1931). 
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the physical adsorption at low temperatures is succeeded by a much 
greater amount of sorption at higher temperatures, and the rate of this 
sorption is usually very slow. This second stage has been designated 
activdted adsorption^ and also chemisorption y since the corresponding 
energy evolved is of the same order of magnitude as that evolved in 
chemical reactions.® ^ 



Fig. 2. Adsorption isotherms for hydrogen on nickel and copper, illustrating 
chemisorption (Benton and White). 

As would be expected, on the basis of this interpretation, activated 
adsorption has not been observed for the rare gases, for nitrogen on 
copper, or for hydrogen on gold and silver, “It would appear, there- 
fore,’’ as Smithells states,^® 

that this type of adsorption depends on a chemical attraction between the metal 
surface and the gas, and is most strongly marked in such systems as oxygen-silver, 
carbon monoxide-nickel, and hydrogen with copper, nickel, or iron. . . , Although 
it cannot actually be chemical combination, since no new phase is formed, it is 
probably a necessary preliminary to chemical action which may occur at still higher 

* H. S. Taylor, J, Am. Ckem. Soc.y 68 , 578 (1931). 

® See CS, p. 48, for a summary of values of heats of activated adsorption, which 
range.from 4000 to over 100,000 cal/g-mole of gas. 

CS, p. 30. 
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temperatures. In the systems just mentioned, for example, definite compounds 
Ag 20 , Ni(CO)4, NiH 2 , etc., between gas and metal are known. 

Smithells states, 

Whilst the process of physical adsorption is perfectly reversible with respect to 
changes in temperature and pressure, this is not the case with activated adsorption. 
So far as pressure changes are concerned, the isotherms usfially show reversibility, 
although this is not always so. ... 

Activated adsorption is never reversible with respect to changes in temperature. 
If the equilibrium value is found by admitting gas to the adsorbent at a temperature 
Tiy and it is then heated, still in contact with the gas, to a higher temperature T 2 , on 
again cooling to Ti the equilibrium value is higher than before. ... It is significant 
that the gas adsorbed as the result of thermal activation cannot be removed by 
evacuation at Ti, but only at higher temperatures. This is, of course, in accordance 
with the usual practice of baking during evacuation to remove gas adsorbed on glass 
and metal parts of vacuum apparatus. 

An illustration of activated adsorption which is of importance in the 
exhaust of vacuum tubes is found in the investigations of K. H. King- 
don^^ and Langmuir on the effect of adsorbed oxygen on the thermionic 
emission from tungsten filaments. At low temperatures and low pres- 
sures oxygen is adsorbed and decreases the emission to values that range 
from 10“”^ to of that from pure tungsten. It is only on heating, the 
filament in vacuum to about 1700° C or higher that the adsorbed layer is 
removed with a resulting restoration of the emission to its original value. 
According to Langmuir, 

An oxygen film on tungsten at 1500° K does not evaporate in less than a year, . . . 
The fact that a monatomic film of oxygen on tungsten does not react with hydrogen 
at 1500° K is a striking indication that the oxygen is in a condition far different from 
that of gaseous oxygen, 

J. K. Roberts^^ has also obtained evidence for the activated adsorp- 
tion of hydrogen on a clean tungsten surface. Desorption is observed 
only at temperatures above 400° C. 

Characteristic of the isotherms due to chemisorption are the very large 
sorption values observed at low pressures, and the comparatively small 
increase in sorption with increase in pressure, over a large range of 
pressures. 

Observations on the rate of sorption due to chemical forces lead to the 
conclusion that this rate is actually dependent upon a rate of diffusion of 
the gas into the adsorbent, in which it ‘‘dissolves.^’ 

This quotation and that in the next paragraph are from CS, pp, 3S-39. 

Phys. 610 (1924). See al^ Langmuir and D, S. Villars, J, Am, 

Chem, Soc,f 63, 486 (1931) and Langmuir, Chem, Ret^s., IS, 147 (1933), for discussion 
of this topic. The remarks quoted are taken from this extremely important paper. 

Froc. Roy, Sac, Lowkn^ A, 162, 445 (1935). ? 
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The phenomena of chemisorption are of special interest in connection 
with the interpretation of the behavior of many catalysts. Since the 
discussion of this topic is beyond the scope of this chapter, the reader is 
referred for further details to the treatises mentioned above and to a 

number of papers published by H. S. Taylor and his associates. 

« 

\ 

3. GENERAL REMAREIS ON SORPTION OF GASES BY METALS'^ 

Gases (with the exception of the rare gases) may react with metals to 
form compounds or solutions of the gas in the solid or liquid metal. As 
far as has been observed, the gases of Group 0 do not dissolve in any 
metal either in the liquid or solid state. 

There are four different types of interaction between hydrogen and 
metals. 

1. With the alkali and alkaline-earth metals (Groups lA and IIA) 
hydrides are formed, such as NaH and CaH 2 , which are ionic in behavior, 
with hydrogen as the negative ion. 

2. With elements such as C, Si, S, Se, As, and other metals of Groups 
IVB, VB, and VIB, covalent hydrides are formed, such as H 2 S, AsHs, 
and SiH 4 . 

3. With a number of metals such as Cu, Ag, Cr, Mo, W, Fe, Co, Ni, 
Al, and Pt, hydrogen fonns true solutions, as indicated by (o) the obser- 
vation that the solubility varies as V P, and (6) the increase in solubil- 
ity with increase in temperature. We shall designate these nietals as 
Group A. 

4. With elements of Group IIIA (Ce, La, etc.). Group IVA (Ti, Zr, Th, 
Hf), and Group VA (V, Cb, Ta) hydrogen forms pseudo-hydrides. 
While the solubility varies as Vp for certain ranges of values of P, it 
decreases with increase in temperature. Under certain conditions pal- 
ladium behaves with respect to hydrogen in the same manner. These 
metals will be designated in the following discussion as Group B. 

Hydrogen is not absorbed by Au, Zn, Cd, In, or Tl. 

In the case of oxygen it is often difficult to distinguish between solu- 
tion of oxygen and solution of oxides. However, the formation of true 
solutions has been determined in Ag, Cu, Co, and a few other metals. 

Nitrogen dissolves only in those metals which form nitrides at higher 
temperatures, e.g., Al (molten), Zr, Ta, Mn, and Fe. 

Carbon monoxide behaves in a similar manner. Thus it is absorbed by 
Ni and Fe, each of which is capable of forming a carbonyl. 

See the “sununary of the reactivity of gases towards metals,” RB, p, 146; also 
D. P. Smith, J. Phys. Chem., 28, 186 (1919). 



Sec. 4] SOLUBILITY OF HYDROGEN IN METALS OF GROUP A 553 


The observations on the solubility of sulfur dioxide in molten copper 
are discussed in a subsequent section. 

In discussing the sorption of gases by metals, the solubility (or gas 
content) may be expressed in terms of a variety of units. These units 
and conversion factors in terms of other units are as follows; 


1^0 = cm® (S.T.P.) per 1 g metal, 
a = cm® (S.T.P.) per 100 g metal = 100 dq. 

Vg = volume of gas (S.T.P.) per 1 vdume of metal. 


== vop = 10 ^sp, where p =» density of metal. 

(1) 

® = mg per 100 g = 4.461 • v^M 

= 4.461 • l(r®sM, 


(2) 

where M = molecular weight of gas. Hence 
a = 22.42x/M 


(3) 

-pw ~ per cent by weight = 10 ®x = 4.461 X 10 ®sAf. 

(4) 

Gas: Hj Oa N2 or CO 

CM = 4.461 X lO-'M : 8.995 X 10“* 1.428 1.260 

1/cjif =» QZMIM-. 11.12 0.700 0.800 

H2O 

0.8041 

1.244 

CO2 

1.963 

0.5093 

10® 

s = — Vw. 

Cm 


(5) 

nm = number of micromoles per 100 g 
= 44.61s. 


(6) 

a = 2.242 • 1U~® #im. 


(7) 

For a diatomic gas in a metal of atomic mass A, 



r = number of atoms per atom of metal, 


A ^ 

= 2 • IO-* — = 8.922 • 10-^Aa 

M 


(8) 

= 8.922 • 10-®F^ - • 

P 


(9) 


, 4. SOLUBILITY OF HYDROGEN IN METALS OF GROUP A 

Topical metals of this group are iron and nickel. The values of a are 
quite small, as compared with those for metals of Group B. Conse- 
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quently, the magnitude of r is of the order of 10~^ (1 atom of hydrogen 
for 10^ atoms of metal). As mentioned above, the value of s increases at 
constant temperature as \/ P, from which it follows that the hydrogen is 
absorbed as atoms. At constant pressure, the solubility increases with 
increase in temperature, indicating that energy is absorbed in the process 
of sorption. The solubility can thus be expressed, as a function of 
pressure and temperature, by a relation of the form 

s = (1) 

where «o is a constant. 

The factor 2 in the denominator of the exponential takes into account 
the fact that the hydrogen enters the metal lattice as atoms, and Qs 
therefore denotes the heat absorbed in calories per gram-mole hydrogen. 
The last equation may be expressed in terms of ordinary logs in the 
form 

log 8 = log So + 0.5 log P - » (2) 

and evidently the value of Qs maybe derived from the slope of the linear 
plot of log 8 (at constant pressure) versus 1/T. 

A large number of investigators have worked on this topic, and a list of 
these, together with reference numbers, is given in List 

List I. Refer ences on Solubility of Hydrogen in Metals of Group A 

Ibon 

1. A. Sieverts, Z, Metallkunde, 21, 37 (1929). 

2. E. Martin, Arch, Eisenh/dttenw.f 3, 407 (1929/30). 

3. A. Sieverts and H. Hagen, Z, physik. Chem., A, 165, 314 (1931). 

4. L. Luckemeyer-Hasse and H. Schenck, Arch, Eisenhiittenw.f 6, 209 (1932/33). 
6. F. Pihlstrand, C.A., 31, 8471 (1937). 

6. W. Baukloh and R. Mtiller, Arch. Eisenhiittenw.f 11, 609 (1937/38). 

7. K. Iwas6 and M. Fukuaima, Science Repts.y Tohoku Imp, Univ.y 27, 162 
(1938-1939). 

8. A. Sieverts, G. Zapf, and H. Moritz, Z. physik. Chem.y A, 183, 19 (1938/39). 

9. J. H. Andrew, H. Lee, and A. G. Quarrell, J, Iron Steel Inst, Londony 146, No. 
II, p. 181 (1942). 

10. M. H. Annbruster, J. Am. Chem. Soc., 66, 1043 (1943). 

Nickel 

See references 1, 4, 10, and 11. 

11. J. Smittenberg, Rec. trav. chim.y 63, 1065 (1934). 

A very comprehensive bibliography on the solubility of gases in metals is given 
by O. Kubaschewski, Z. Elektrochem.y 44 , 152 (1938). 
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Cobalt 

See references 1 and 12. 

12. A. Sieverts and H. Hagen, Z. phyaik. Chem.y A, 169, 237 (1934). 

Copper 

See references 1 and 13. 

13. P. Roentgen and F. Moeller, MetallwirtachaSt^ 18, 81, 97 (1984). 

Aluminum 

See references 1, 13, and 14-17. 

14. J. Czochralski, Z. Metallkunde, 14, 277 (1922). 

16. K. Iwas^j Science Repta., Tohoku Imp. Univ,^ 18, 681 (1926). 

16. P. Roentgen and H, Braun, Mekdlwirtachaftf 11, 469, 471 (1932). 

17. L. L. Bircumshaw, Trans. Faraday See., 81, 1439 (1936). 

Manganese 

See references 4, 6, and 18. 

18. A. Sieverts and H. Moritz, Z. phyaik. Chem.y A, 180, 249 (1937). 

Silver 

19. E. W. R. Steacie and F. M. G. Johnson, Proc. Roy. Soc. London^ A, 117, 662 
(1928). 


Molybdenum 

See references 2 and 20. 

20. A. Sieverts and K. Briining, Arch. Eiaenf^tenw.y 7, 641 (1933-1934). 

Chromium 

See references 2 and 4. 


Miscellaneous Alloys 

21. L. Kirschfeld and A. Sieverts, Z. Elektrochem.^ 86, 123 (1930). 

22. A. Sieverts and K. Briining, Z. phyaik. Chem.f A, 168, 411 (1934). 

23. A. Sieverts and H. Hagen, Z. phyaik. Chem., A, 174, 247 (1936). 

Solubility of Hydrogen in Iron (-4 = 55.85, p = 7.88). Table 1 
gives values of s, x, firriy and r obtained by Sieverts (1), for the range 
400® C to 1650® C, at 1 atm. The last column gives more recent values 
obtained by Sieverts, Zapf, and Moritz (8). 

Figure 3, taken from reference 8, shows a plot (o) of the solubility data 
at 1 atm over the range of 400® C to 1200® C. The insert (6) shows data 
obtained with both increasing and decreasing temperatures (above 
1250® C). The plots also show data obtained by other investigators. 

As is well known, iron exhibits three critical temperatures for the solid, 
corresponding to the phase transformations shown in Table 2.^^ In 
this table are indicated the associated lattice structure and range of 

Meiah Handboidsi 1939 Edition, p. 427. 
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stability for each phase. The last column in Table 1 and the plot in 
Fig. 3 show that at each critical temperature and at the melting point 
(1535° C) there is a change in solubility. At the a—y transition and at 
the melting point the solubility increases considerably. 



Temperature in ®C 


Former average values ♦ * * Krumbhaar 

#••• Carbonyl iron 

□ □□ Cartenyl iron (comparison results for deuterium) 
o o o Armco/iron xxx Electrolytic iron 

Fig. 3. Solubility of hydrogen (at 1 atmosphere) in iron, as a function of the 
temperature (Sieverts and Hagen). 

Even at the melting point, the value of Vg is approximately 1, while 
that of r for the 5 phase, just below the melting point, is 6.64 • ICT^, or 
about 1 hydrogen atom per 1500 iron atoms. 

The greater value of a for the 7 than for the a phase is accounted for by 
Luckemeyer-Hasse and Schenck (4) as due to the fact that the hydrogen 
atom (which as mentioned subsequently is actually present as a proton) 
can be more readily located in an interstitial site in the looser face- 
centered structure than in the more closely packed body-centered struc- 
ture. 

This topic has also been investigated by Miss M. Armbruster (10). 
She determined the values of % for the three temperatures, 400, 600, and 
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TABLE 1 


Solubility of Hydrogen in Iron at 1 Atm* 
(SiE VERTS et Alii) 


fc 

8 

lOOo; 

nm 

Vo 

lOV 

«(8) 

400 

0.35 

3.15 

15.6 

0.0276 

0.175 


500 

0.75 

6.75 

33.5 

0.0590 

0.374 

0.6 

600 

1.20 

10.80 

53.5 

0.0945 

0.597 


700 

1.85 

16.65 

82.5 

0.146 

0.922 

1.8 

800 

2.46 

22.05 

109.2 

0.193 

1.22 


900 

4.05 

36.45 

182 

0.319 

2.02 

3.0 («) 

1000 

5.50 

49.50 

245 

0.433 

2.74 


1100 

6.60 

59.40 

294 

0.619 

3.29 

7.0 

1200 

7.96 

71.55 

355 

0.626 

3.96 

8.2 

1300 

9.50 

85.50 

424 

0.748 

4.73 

10.1 

1400 

11.20 

100.8 

500 

0.881 

5.58 

10.5 ( 7 ) 

1500 

12.75 

114.8 

569 

1.00 

6.36 


1635 ( 5 ) 

13.32 

119.9 

594 

1.05 

6.64 

14 (5) 

(0 

26.64 

239.8 

1188 

2.10 

13.28 

25 il) 

1550 

27.75 

249.8 

1238 

2.18 

13.82 

26 

1650 

30.97 

278.7 

1381 

2.44 

15.43 



* Values of nm^ Fj, and r calculated by the writer. 


TABLE 2 

Allotropic Forms and Transformation Points for Iron 


Phase Designation 
Alpha (a) 
Gamma ( 7 ) 
Delta (5) 
Liquid 


Lattice Structure 
Body-centered cubic 
Face-centered cubic 
Body-centered cubic 


Range of Stability 
in Degrees Centigrade 
to 906 
906-1403 
1403-1537 
Above 1537 


600° C, and for the range 18.9 to 629 mm at 600° C. Figure 4, taken 
from her publication, shows that the V P law is valid down to very low 
pressures. It was found that all the observations at the three tempera- 
tures are in agreement with the relation 

1454 

log (Mm) = 1.946 + 0.5 log » (3) 

where the solubility is measured in micromoles per 100 g iron. That this 
equation is valid for all temperatures up to 900° C is shown by the data 
in Table 3, taken from Miss Armbruster’s publication, in which a com- 
parison has been made of values calculated by means of the abovo 
equation (data for carbonyl iron in the first row) with those observed by 
previous investigators. 
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The second-last column gives values of the heat of solution, in calories 
per gram-mole hydrogen as derived from each set of observations. From 
equation 3 it follows that 

Qs - 9.148 X 1454 = 13,300. 



Fig. 4. Plot of solubility data for hydrogen in iron. Ordinates denote values of 
micromoles per 100 g iron per mm pressure. Abscissafl give values of l/y/P^, 
Upper section shows plot at 600® C and higher pressure range; lower section shows 
plots at 600® C, 600® C and 400® C for lower pressure range. Open and closed circles 
designate measurements with increasing and decreasing pressure, respectively; 
double circle is value of intercept as determined by a blwik measurement with 

argon. (Armbruster.) 

According to Sieverts, Zapf, and Moritz (8), the solubility of deute- 
rium (D 2 ) in both armco- and carbonyl-iron is lower than that of ordinary 
hydrogen. The difference in the Value of s was observed to vary from 
0.1 to 0.9 over the range 600® C to 1460® C. 
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TABLE 3 

Comparison of Solubiutt Determinations of Hydrogen at 1 Atm in 
Different Sampi.es of Iron (Armbrustbr) 


Solvhility in Micromoles per 100 g 


Form of Sample 

Temperatures, ° C 

Qa 

Ref. 

0 

I 

400° 

500° 

600° 

700° 

soc* 

900“ 

Carbonyl sheet 

7.06 

16.8 

32.0 

62.6 




13,300 

10 

Wire 2 mm 

— 

15.2 

29.4 


73.4 

96.8 

138 

13,900 

5 

Wire and powder 

— 

16.6 

26.8 

53.5 



134 

13,700 

8 

Chips 

4.4 

8.9 

29.0 

51.3 

Batil 


129 

13,800 

4 

Sheet 0.3 mm 

— 

8.0 

26.3 

53.1 

78.1 


125 

12,300 

2 

Tubing 

18.5 

29.9 

44.6 

59.8 



138 

11,300 

9 

Electrolytic sheet 

— 

27.6 

51.3 

81 2 

113 

169 

223 

13,500 

6 

Electrolytic block 

— 

11.2 

33.4 

57.1 

91 

125 

163 

14,500 

6 

Reduced iron 

— 

13.4 

44.6 

78.0 


145 

195 


6 

Electrolytic 

— 

— 

22.3 

44.6 

71.4 

96.8 

125 

14,400 

7 

Reduced 

— 

8.9 

31.2 

62.4 

84.7 

114 

143 

11,400 

7 


Solubility of Hydrogen in Nickel {A = 58.69, p = 8.9). The earliest 
work on the solubility of hydrogen in nickel was carried out by Sieverts 
and his associates (1907-1911). The measurements were repeated by 
Smittenberg (11), using a much more refined technique. To secure a 
large surface, 12,000 m of wire, about 0.02 mm diameter (total weight = 
42g, and total surface = 8430 cm^) was used. This was made of 
vacuum-fused metal. Before exposing to hydrogen, the wire was 
heated in vacuum in steps of increasing temperature up to 900° C. 
The gas evolved during this treatment consisted almost entirely of carbon 
monoxide. 

After a 24-hours’ evacuation at 900°, the temperature was gradually lowered to 600° 
and the flushing-out (with hydrogen) repeated several times at this temperature. 
Only after this treatment was it possible to obtain accurate and reproducible results 
for the amount of hydrogen sorbed by the nickel at different pressures and temper- 
atures. 

It was shown that, for 300° C and 600° C, the isotherms obeyed the 
VP law. Furthermore, the isobar at 0.1 mm was found to be in good 
agreement with Sieverts’ data when they were recalculated for the much 
lower pressure used by Smittenberg. Table 4 gives the values of « and 
ym at 1 atm based on the data obtained by Sieverts and Smittenberg. 

The noteworthy features about these data are (1) the fact that the 
solubility of hydrogen in nickel is greater ^ian that in iron, especially at 
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TABLE 4 

Solubility op Hydrogen at 1 Atm in Nickel* 
(SlEVERTS AND SmitTBNBERG) 


<•’0: 

200 

300 400 

500 

600 

700 

800 900 

1000 

«: 

1.70 

2.36 3.15 

4.10 

5.25 

6.50 7.76 9.10 

9.80 

itm: 

76 

106 141 

183 

234 

290 

346 406 

437 

V,-. 

0.161 

0.209 0.280 

0.365 

0.467 

0.578 '0.689 0.809 

0.873 

10 V: 

0.89 

1.23 1.66 

2.15 

2.75 

3.40 4.06 4.76 

5.13 

t°C: 

1100 

1200 

1300 

1400 

1462 

1500 

1600 

»: 

12.15 

14.25 

14.7 

16.2 

(m.p.) 

41.6 

43.1 

Itm'. 

542 

636 

656 

723 


1860 

1920 

V„: 

1.08 

1.27 

1.31 

1.44 


3.70 

3.84 

10 V: 

6.36 

7.46 

7.70 

8.48 


21.8 

22.6 

* Values of mwi, 

Vgf and r calculated by the writer. 




the lower temperatures, and (2) the considerable increase in solubility at 
the melting point. 

More recently, solubility determinations were carried out by Miss 
Armbruster (10) on a sample of 99.5 per cent nickel in the form of strip 
0.14 mm thick (weight — 337.7 g). The observations were made at 
400®, 500®, and 600®, over the pressure range 0.001 to 1.8 mm. It was 
found that the results obtained could be represented by the relation, 
similar to that obtained for iron, 

log m = 1.732 + 0.5 log ^ • (4) 

Table 5 (10) presents a comparison of the values of calculated by 
means of this equation for 1 atm pressure, with those of previous in- 
vestigators. 


TABLE 5 

Comparison of the Determinations of the Solubility of Hydrogen at 
1 Atm in Different Samples op Nickel (Armbruster) 

Solubility in Micromoles per 100 g 
Temperatures, ® C 


Form of Sample 

300® 

400® 

500® 

600® 

700® 

800® 

900® 

Qs 

Ref. 

Sheet 

111 

164 

218 

271 

323 

373 

419 

6900 

10 

Wire 

135 

183 

244 

297 

349 

393 

436 

5300 

(11) 

Wire and chips 

106 

161 

186 

245 

301 

356 

411 

6100 

(1) 


89 

112 

145 

192 

251 

312 

381 

4300 

(4) 


(300-500°) 

9000 

(500-900®) 


The value derived by Miss Armbruster is Qs = 6900 cals/g-mole H 2 * 
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Solubility of Hydrogen in Alloys of Iron and Nickel. Figure 5 (10) 
shows plots (according to Miss Armbruster) of log {tim) versus l/T, 
at Pmm — 760, for nickel, iron, and a number of iron-nickel alloys. 

According to the data in Tables 3 and 4, the values of yLm at 400® C 
and 1 atm are 17 for iron and 164 for nickel. (Values of « are 0.38 and 
3.68, respectively.) The plots for the iron-nickel alloys lie bet^veen 
those for the two metals, and for each alloy the solubility can be expressed 
by an equation similar to equations 3 and 4. From the slopes of these 
plots it is seen that the value of Qs decreases with increase in nickel con- 


Temperature tn *0 

900 800 700 600 500 400 300 



Fig. 5. Log of solubility of hydrogen at 1 atmosphere in iron, nickel, and a typical 
steel from each of the three groups, plotted versus \/T. From the slopes of the 

straight lines, values of the heat of solution {Qs) are derived. (Armbruster.) 

tent, as would be expected from a comparison of the values for the pure 
metals. 

The alloys tested by Miss Armbruster could be divided into three 
groups: (I), the ferritic type, for which the values of s observed are 
substantially the same as for pure iron; (II), which comprised a 28 per 
cent steel and a 13 per cent Mn steel; and (III), the austenitic type, 
which comprised two stainless steels, Cr 18, Ni 8; and Cr 13, C 0.3; as 
well as nickel itself. 

Similar observations on the effects of alloying elements have been made 
by other investigators. Figure 6 (9) shows an ispbar at 1 atm for a 
5 per cent nickel alloy compared with that for vacuum-melted iron. 

Luckemeyer and Schenck (4) have d?5termined the solubility of 
hydrogen in Fe-Cr-Ni alloys of different compositions. The values of a 
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range from slightly above that for iron (most cases) to slightly lower than 
this. The same investigators also observed (in agreement with Miss 
Armbruster’s observations) that, in Fe-Ni alloys ranging from 3.3 per 
cent Ni to 8.48 per cent Ni, s increases with increase in nickel content. 



0 200 400 600 800 1000 

Temperature in *C 


Fio. 6. Plots of solubility data for hydrogen at 1 atmosphere in a 6 per cent nickel- 
iron alloy and in vacuum-melted iron, as a function of the temperature (Andrew, 

Lee, and Quarrell). 

Solubility of Hydrogen in Cobalt {A = 58.94, p = 8.8). The values 
of the solubility at 1 atm as observed by Sieverts and Hagen (12) are 
given in Table 6. 

As is evident from a comparison of the data in Tables 6 and 1, the 
solubility of hydrogen in cobalt is less than that in iron. From a plot of 
log « versus l/T, the value derived for the heat of absorption is Qa^ 
14,550 cal/g-mole H 2 . 

Solubility of Hydrogen in Copper (A =■ 63.57, p * 8.95). The values 
obtained by Sieverts (1 ) are given in Table 7. These are sli^tly higher 
than the values obtained subsequently by Roentgen and Moeller (13). 
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TABLE 6 


Solubility of Hydbooen at 1 Atm in Cobam* 
(SlEVERTS AND HaGEN) 


1 ° C : 

600 

700 

800 

900 

1000 

1100 

1160 

1200 

x : 

0.08 

0.110 

0.167 

0.227 

0.298 

0.390 

0.437 

0.490 

«: 

0.89 

1.22 

1.86 

2.62 

3.21 

4.33 

4.86 

6.44 

10*r: 

0.47 

0.66 

0.98 

1.34 

1.76 

2.30 

2.68 

2.89 

V,: 

0.08 

0.108 

0.164 

0.223 

0.293 

0.383 

0.430 

0.481 


• Values of a, r, and V, calculated by the writer. 


Below the melting point, the solubility of hydrogen is less in copper 
than in iron, but at the melting point the sdubility increases to almost 
three times that for the solid, and, as the temperature is increased 
higher, s approaches closely that for hydrogen in iron at the same 
temperature. 

TABLE 7 


SOLUBIUTY OF HyDBOGEN AT 1 AtM IN CoPPBB* 
(SiBVBBTS) 


t°C: 

400 

600 

600 

700 

800 

900 

1000 

s: 

0.06 

0.16 

0.30 

0.49 

0.72 

1.08 

1.68 

V,: 

0.0064 

0.0143 

0.0268 

0.0439 

0.0644 

0.0967 

0.141 

lOV: 

0.063 

0.0908 

0.170 

0.278 

0.409 

0.613 

0.896 

fC : 

1083 

(m.p.) 

1100 

1200 

1300 

1400 

1600 

«: 

2.10 («) 

6.00 ( 1 ) 

6.3 

8.1 

10.0 

11.8 

13.6 

V,: 

0.188 

0.637 

0.664 

0.726 

0.893 

1.06 

1.22 

lOV; 

1.19 

3.40 

3.68 

4.60 

6.67 

6.70 

7.71 


• Values of V, and r calculated by the writer. 


The heat of absorption, deduced from the plot of log s versus l/T, is 
Qs = 18,300 cal/g-mole H 2 . 

Roentgen and Moeller state that the addition of small percentages of 
aluminum to copper decreases the solubility of hydrogen proportionally. 
Figure 7 (1) shows the effect of alloying with other metals on the solu- 
bility of hydrogen in molten copper. (Note th^t a = 11.12x.) 

N. P. Alien‘d has observed that the solubility of hydrogen in molten 
copper is decreased considerably when oxygen is also present in solution. 
Thus, for 0.06 per cent by wei^t of oxygen (0.35 cm®/ 100 g), the value 
of « for hydrogen is decreased to 0.45 cm® (8.T.P.) per 100 g, 

"J.lmt. Metals, 4S,81(im). . 
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The solubility of hydrogen in fused copper and copper-tin alloys 
(bronzes) has been investigated by M. B. Bever and C. F. Floe.^® Their 
results are sununarized in Table 8. 



Grams of alloying metal per 100 grams of copper 

Fio. 7. Effect of alloying metals on the solubility of hydrogen 
in molten copper (Sieverts). 

TABLE 8 

Solubility op H2 at 1 Atm in Copper, Copper-Tin Alloys, and Tin 
(Bever and FLoe) 

8 = cm^ (S.T.P.) per 100 g metal 


Bronzes Containing p Atomic Per Cent Sn 


fc 

Pure Cu 

p = 3.3 

6.5 

12.9 

26.4 

39.3 

100 

1000 

— 

— 

3.09 

2,11 

0.53 

0.50 

0.04 

1100 

5.73 

4.80 

4.11 

2.97 

0.94 

0.76 

.09 

1200 

7.33 

6.28 

5.35 

3.94 

1.50 

1.15 

.205 

1300 

9.37 

7.81 

6.85 

5.10 

— 

1.61 

.355 

%Sn by wt: 

5.9 

11.5 

21.7 

* 40.2 

54.8 

100 


The values of s for pure copper are in good agreement with those 
observed by Roentgen and Moeller, which, as stated previously, are 
slightly lower than those given in Table 7. The last column in Table 8 
gives values of s for fused tin, and, as will be observed, the solubility 
values for the bronzes decrease with increase in percentage of tin. 

« Trarui. AJM.E., 166 , 149 (1944). 
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Temperature In *0 


Increasing 
temperature 
Mn (Heraeus) o— o — o 

Mn <lab. preparatibn) A- -A — ^ 


Decreasing 

temperature 

• — • — • 


Fio. 8. Isobars (at 1 atmosphere) for solubility of hydrogen in two samples of 
pure manganese at various temperatures. Inset shows plots for the range 1000** C 
to 1260*^ C. (Sieverts and Morita.) 


Atoms H per 10^ atoms Mn 
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According to Bever and Floe, “the investigation points definitely to 
hydrogen as a major source of porosity in bronze castings.” These 
results also indicate that caution must be exercised in the use of bronze 
solders in a hydrogen atmosphere for devices that are to be evacuated. 

Fortin, A = 118.70 and p = 7.28. Hence, at 1300° C, r = 3.76 * 10~® 
and = 0.0258. 

Solubility of Hydrogen in Manganese (A = 54.93, p = 7,2). Fig- 
ure 8 (18) shows the isobar at 760 mm as obtained by Sieverts and 
Moritz (18) for very pure metal. As for the other metals discussed 
above, the V P law was found to apply to the Mn-H 2 system, as shown 
by isotherms at 192° C, 608° C, and 912° C. 

Comparing the isobar at 1 atm for this system with that for Ni-H 2 
(see the lowest curve in Fig. 8), it is evident that the solubility of hydro- 
gen in pure manganese is much greater than that observed for nickel. 

An interesting and new feature, observed only in this system, is the 
occurrence of a minimum in the solubility at about 550° C. The char- 
acter of the isobar is accounted for by the fact that manganese has four 
crystal modifications as follows: 

a-manganese, cubic, 58 atoms per elementary cube. 

iS-manganese, cubic, 20 atoms per elementary cube. 

/S'-manganese, cubic face-centered. 

7 -manganese, tetragonal face-centered. 

Table 9 gives the solubility data at temperatures below and above 
each of the transition temperatures and at the melting point (1242° C). 

TABLE 9 

Solubility op Hydrogen at 1 Atm in Manganese 
(Sieverts and Moritz) 


8 = cm® (S.T.P.) per 100 g metal 


Transition 


Pure Mn 

Technical Mn 

Point 

°C 

Heraeus 

S.M. 

^ 97.8% Mn 

96.4% Mn 

Ai 

600 

• 9 

9 

7.6 

0.6 


800 

27 

27 

23 

13.0 

As 

1060 

34 

33 

30 

19.6 


1100 

42 

41 

35.5 

(23) 

As 

1125 

42.6 

41.5 

— 



1165 

40 

39.6 



M.p. 

1242 

cryst. 44 

44 

37 

— 



liquid 59 

59 

52 

— 


1320 

62 

63 

(58) 
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Data are given for two samples of ‘^pure^’ metal, one obtained from 
Heraeus and the other prepared by the investigators (SM), and also 
for two samples of ^^technicar^ manganese. 

The solubility in the a form decreases with increase in temperature; 
that in the and forms increases with increase in temperature. 
Evidently the presence of impurities in the metal decreases tjie solu- 
bility of hydrogen, in agreement with the fact that the solubility data 

1000 

900 

J^SOO 
c 

i 

B 700 

12 
<u 
a 

I 600 

500 

400 

0 5 10 15 20 25 30 35 

Per cent manganese 

Fig. 9. Composition of iron-manganese alloys in which the solubility of hydrogen 
is less than that in pure iron (clear region) and alloys in which the solubility is greater 
than that injure iron (shaded region) (Baukloh and M tiller). 

obtained by Lpckemeyer-Hasse and Schenck are still lower than those 
given in Table 9. 

The value s == 40 corresponds to the values Vg == 2.88 and r = 19.6 • 
10 “^. 

The solubility of hydrogen in iron-manganese alloys has been de- 
termined by Baukloh and Mtiller (6). Figure 9 taken from their publi- 
cation presents a comparison o& the solubility data for different percent- 
ages of manganese in iron over the ranges of temperatures 400° C to 
1000° C. The shaded area corresponds to compositions of alloys in 
which hydrogen is more soluble than in pure iron; the unshaded area 
corresponds to alloy compoations in which hydrog^en is less soluble. 

As will be observed, there is a range of compositions (between 10 and 
20 per cent manganese) in which the solubility decreases at temperatures 
above 760° G, owing to the transformation from an a to an c phase, in 
which hydrogen is much less sduble than in o-iron. 
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Solubility of Hydrogen in Chromium and Molybdenum. (For Cr, 
A = 62.01, p = 7.1; for Mo, A - 95.95, p = 10.2.) An isobar at 
1 atm for the solubility of hydrogen in chromium is shown by E. Martin 
(2). Since the original data are not given, approximate values of s were 
taken from the plot. These appear along with values of Vg and r, in 
Table 10. 

TABLE 10 

SoLtTBIUTY OP HydKOQBN AT 1 AtM IN CHROMIUM (MaRTIN) 

« = cm* (S.T.P.) per 100 g 


f C; 

600 

800 

900 

1000 

1100 

s: 

0.5 

1.0 

2.0 

3.0 

4.2 

Vg: 

0.035 

0.07 

0.14 

0.42 

0.3 

10*r: 

0.23 

0.46 

0.92 

1.4 

2.0 


Thus the solubility data for chromium lie between those for cobalt and 
copper. 

The solubility of hydrogen in molybdenum has been investigated by 
Martin (2) and by Sieverts and Briining (20). The values obtained by 
the latter two, which are somewhat lower than those quoted by Martin, 
are given in Table 1 1. The solubility values are considerably lower than 

TABLE 11 


Solubility of Hydrogen at Pmm ” 753 in Molybdenum 
(Sieverts and Bruninq) 


ec: 

420 

617 

763* 

791 

‘983* 

995 

998 

1095* 

x: 

0.015 

0.017 

0.023 

0.022 

0.029 

0.051 

o.ou 

0.056 

a: 

0.167 

0,189 

0.255 

0.244 

0.322 

0.566 

0.488 

0.622 

10*r: 

0.14 

0.16 

0.22 

0.21 

0.28 

0.49 

0.42 

0.53 


• Values obtained with molybdenum powder; the other values were obtained 
with wire. 


those for hydrogen in cobalt. A plot of log x versus l/T yields values 
that are too scattered for an accurate determination of Qs. From the 
data in italics in the table (which agrees with a smooth curve in the 
original paper), the value deduced is Qs = 14,000 cal/mole H 2 . 

For alloys of molybdenum and iron, the solubility of hydrogen increases 
almost linearly with the iron content up to 62 per cent iron.'® For 
smaller molybdenum content, the solubility is only slightly less than that 

** Plots of a versus molybdenum content for different temperatures are shown in 
C8, pp. 185-186. 
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in pure iron. The plots of log s versus 1/T for the series up to 52 per 
cent iron are practically parallel. Actually these linear plots, which are 
much better than those for molybdenxun, give the same value for Qs as 
that deduced above. 

Solubility of Hydrogen in Aluminum (A = 26.97, p = 2.70). The 
gas is practically insoluble in the solid metal, but is soluble to a small 
extent in the molten metal (m.p., 659® C). Determinations of s have been 
made by Bircumshaw (17), Roentgen and Moeller (13), and Roentgen 
and Braun (16). These three sets of data are in approximate agreement. 
The solubilities measured by Iwas4 (15) are so much greater than those 
obtained by the other investigators that they should be disregarded. 

More recently the subject has been investigated by W. D. Robertson^® 
and by G. J. Azarian and E. Epremian.^^ 

Epremian confirmed the validity of the \/P law over the range 
P = 40 to P = 760 mm of mercury. Their values of s (cm^/100 g at 
1 atm) are given in the second and third columns, Table 12, along with 
the values obtained by the other investigators, including Czochralski 

(14). 


TABLE 12 

Solubility of Hydrogen at 1 Atm in Molten Aluminum 



Azarian and 
Epremian 

Ref. 17 

Ref. 13 

Ref. 16 

Ref. 14 


8 

■■ 

s 

V, 

fC 

B 

fc 

8 


im 


0.23 

0.006 

690 



^2.5 


Bil 

0.013 

0.89 

.024 

866 

mm 


--5.5 


1.480 

.040 

1.87 

.051 

1096 

5.00 

Ref. 15 

940 

1.867 

.050 



1233 

8.02 

800 

-^10 


3.0* 


3.86 

.104 



900 

—17 


* Extrapolated from a plot of log s versus 1/T, 


From the plot of log s versus 1/T, Bircumshaw deduced the value 
Qs = 43,400 cal/g-mole H 2 , whereas Azarian and Epremian deduced the 
value Qs =* 60,800. 

According to Roentgen and Moeller, copper alloyed with the aluminum 
reduces the value of s by an amount that varies linearly with the per- 

Thesis, M.I.T., 1942. 

Thesis, M.I.T., 1943, a copy of which Was kindly given the writer by Mr. 
Eprcnnian. 
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centage of copper, so that for about 30 atomic per cent of aluminum 
a is negligibly small.** 

It has also been reported** that silicon, manganese, and nickel reduce 
the solubility, while addition of magnesium increases the solubility of 
hydrogen in aluminum. 

Smithells** has stated that “Hydrogen account? for about 80 per cent 
of the gas which can be extracted from commercial aluminum by vacuum 
treatment, although it cannot all be present in solution.” Rapid cooling 
of the fused metal probably leaves some of the excess gas occluded in 
small pores. 

Solubility of Hydrogen in FUitinum and Silver. (ForPt, A = 195.23, 
p = 21.45; for Ag, A = 107.88, p = 10.50.) The data on platinum, 
given in Table 13, were obtained by Sieverts (1). 

TABLE 13 

Solubility of Hydrogen at 1 Atm in Platinum (Sieverts) 



409 

827 

1033 

1136 

1239 

1342 

s: 

0.067 

0.10 

0.233 

0.40 

0.61 

0.93 

r,: 

.014 

.022 

.050 

.086 

0.131 

0.201 

10 V; 

.12 

.18 

.41 

.70 

1.07 

1.64 

• the range 

1000° 

C to 1350° 

c, = 

= 34,500. 




Table 14 gives data on the solubility of hydrogen in silver obtained by 
Steacie and Johnson (19). From the values of at 80 cm pressure, 
given in their publication, values of a and lO^r were calculated for 
atmospheric pressure. 


TABLE 14 

Solubility of Hydrogen in Silver 
(S i^AaE AND Johnson) 


Solubility at 1 atm 


fc 

r,(P«n - 80) 


8 

V, 

lOV 

400 

0.006 

1500 

0.055 

0.0058 

0.064 

600 

.012 

760 

.110 

.0116 

.107 

600* 

.019 

470 

.176 

.0185 

.170 

700 

.025 

358 

.232 

.0244 

.224 

800 

.036 

248 

.334 

.0351 

.322 

900 

.046 

195 

.427 

.0448 

.411 


Plots of the data for a series of temperatures are shown in CS, p. 182. 
J. Erickson, Light Metal Age, July, 1944, p. 19. 

*<CS, p. 101. 
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The values in the third column in Table 14 are average values. From 
the plot of log s versus l/T, the value derived for the heat of absorption 
ia Qs = 11,900 cal/g-mole H 2 . A comparison with the data for the 



nl I ■ n I LTU 1 I I I I 1 I 

200 400 600 800 1000 1200 1400 1600 1800 


Temperature in TC 

Fio, 10. Comparison of isobars for the solubility of hydrogen at 1 atmosphere in 
nickel, iron, cobalt, and copper. 

other metals shows that the solubility of hydrogen at 1 atm in silver is 
about one-tenth that (at the same pressure) in cobalt. 

Table presents a summary of the solubility data for the metals of 
Group A (wit£ the exception of Mn), and Fig. 10 shows the isobars at 
1 atm for Hi, Fe, Co, and Cu; The plot for Cr wbuld be located between 
those f<n- Co and Cu, and that for A1 below that for Cu. 
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TABLE 15 


Solubility (cm^/100 g) op Hydrogen at 1 Atm, in Metals op Group A 


fQ 

Ni 


Co 

Cr 

Cu 

A1 

Ag 

Mo 

Pt 

200 

1.70 









300 

2.35 





\ 




400 

3.15 

0.35 



0.06 



0.165 

0.065 

500 

4.10 




0.16 


mm 

.175 


600 

5.25 


0.89 


0.30 


.176 

.185 


700 

6.50 

1.85 

1.22 


WM 

0.15 

.232 

.21 


800 

7.75 

2.45 

1.85 



0.49 

.334 

.25 

0.095 

900 

9.10 

3.0 (a) 
4.7 (t) 

2.52 

1 

1.08 

1.48 

.427 

.29 

0.135 

1000 

9.80 

5.50 

3.21 

3.0 

1.58 



.50 

0.20 

1100 

12.15 

7.00 

4.33 

4.2 

6.3 (1) 



.62 

0.35 

1200 

14.25 

8.25 

5.44 


8.1 




0.52 

1300 

14.7 

10.1 



10.0 




0.77 

1400 

16.2 

10.5 (y) 
10.1 («) 



11.8 



i 

1 

1.15 

1500 

41.6 (i) 




13.6 





1535 


14 («) 










25 (/) 








1600 

43.1 

28 








1650 


31 








10->Q5 


13.3 

15.55 




11.90 

14.00 

34.50 

7,(800) 


0.19 

0.164 

0.071 

0.066 


0.036 

0.025 

0.020 

10V(800) 

4.06 

1.22 1 

0.98 

0.46 

0.41 


0.33 

0.214 

0.165 

M.p. (“O 

1452 

1535 1 

1480 

1615 

1083 

659 

961 

2620 

1755 


5. SOLUBILITY OF HYDROGEN IN METALS OF GROUP B 

Solubility values, in terms of cm® (S.T.P.) per gram (= are 

shown in Table 16.®® Figure 11 shows plots of the isobars at 1 atm 
pressure. As with metals of Group A, s varies as V P, leading to the 
conclusion that, in both cases, hydrogen enters the lattice structure as 
atoms, or rather as protons. 

There are, however, the following striking differences between the 
values of a for the two groups: 

(a) The solubility of hydrogen in metals of Group B is 10® to 10^ times 
For some of the metals, the values given by CS, p. 161, were used. 
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that of the solubility in metals of Group A. This is indicated by a com- 
parison of values of Vg and r. In Table 16, the values of these quantities 
are given for room temperature. These correspond to '^hydrides'^ of the 
composition MH„ where M denotes a metal of this group, anJ r w not an 
integer. 


TABLE 16 

Sorption of Hydrogen by Metals op Group B 
= cm* (S.T.P.) per g, at 1 atm pressure 


Temper- 
ature, °C 

Ti 

V 

Zr 

Cb 

La 

Ce 

Ta 

Th 

Pd 

20 



235.5 


223 

215 

46 

148 

(60) 

300 


65 

— 

44.4 

192 

184 

33 

— 

(3.3) 

400 

387.7 

38 

— 

36.8 

182 

176 

25 

— 

2.3 

500 


19 

— 

22.7 

172 

168 

14 

— 

1.9 

600 

334.7 

10 

184 

9.88 

163 


7 

91 

1.8 

700 

183.9 

6.4 

176 

5.11 

153 

152 

4.2 

88 

1.70 

800 


4.4 

165 


143 

145 

2.5 

81 

1.62 

900 

98.2 

3.2 

138 

2.17 

134 

138 

1.8 

77 

1.57 


66.1 

2.5 

78 

1.63 

123 


1.4 

26 

1.55 

1100 

45.9 

2,1 

47 

— 

111 

113 

1.1 


1.54 

1200 

— 

— 

32 

— 

41 

53 

1.0 

17.5 

— 

A 



91.22 

92.91 

138.92 


180.88 

232.12 

106.7 

p 

4.52 

5.87 

6,4 

8.4 

6.15 


16.62 

11.2 

11.40 

V, 



1525 

460 



765 


700 

r 

1.75 

0.72 

1.92 


2.76 

2.69 


3.07 

0.59 

PHM 

3.91 


5.67 



5.83 

5.7 

15.10 

— 

10.76 


(b) The solubility decreases with increase in temperature. That is, 
heat is evolved when hydrogen enters into solution, and hence the reaction 
involved in the formation of any one of the hydrides is exothermic, 
as in the formation of the chemically well-defined hydrides of the al- 
kali and alkaline-earth metals. The magnitude of Q, obtained from 
a plot of log s versus l/T, corresponds to the heat of formation of the 
^'hydride.'^ 

(c) The density of the saturated solution indicated by phm ^ the 
lowest row of the table, is uniformly less than that of the metal itself 
(designated by p) . The values of p given in the second row at the bottom 
of Table 16 are taken from the standard handbook and are not the same, 
in general, as those given by A. Sieverts and A. Gotta.*® 

anorg, Chm„ 173 , 1 ( 1928 ); 187 , 155 ( 1930 ). 















674 


GASES AND METALS 


[Chap. 9 



Temperature in * C 

Fig. 11. Plots of the data for the solubility of hydrogen at 1 atmosphere (cm^ 
S.T.P., per g metal) in metals of Group B at various temperatures. 

A bibliography of references to the literature on the solubility data for 
hydrogen in metals of Group B is given in List 

List II. References on Solvbility of Hydrogen 
in Metals of Group B 

1. (Ta, W) A. Sieverts and E. Bergner, Ber. devl. chem. Ges., 44, 2394 (1911); 
also see reference 17 below. 

2. (Ce) A. Sieverts and G. Mtlller-Goldegg, Z. anorg. Chem^t 181, 66 (1923). 

3. (Ce, La, Ce-Mg) A. Sieverts and E. Roell, Z. anorg, Chem.^ 146, 149 (1925). 

4. (Pr, Nd) A. Sieverts and E. Roell, Z. anorg. Chem,^ 160, 261 (1926). 

6. (Zr, Th) A. Sieverts and E. Roell, Z. anorg. Chem.t 168, 289 (1926). Also 
see reference 18 below. 

6. (V, Ti) H. Huber, L. Kirschfeld, and A. Sievert9> Ber. deut. chem. Ges.t 69B, 
2891 (1926). 

7. (La, Ce, Pr) A. Sieverts and A. Gotta, Z. anorg. Chem., 172, 1 (1928). 

8. (Ti) L. Kirschfeld and A. Sieverts, Z. pkysik. Chem.f A, 146, 227 (1929). 

For a comprehensive bibliography on the solubility of gases in these metals sec 
O. Kubaschewski, Z. Elektrochem.^ 44, 162 (1938). 
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9. A. Sieverts, Z. MetaUkunde, 21, 37 (1929) — summaty of previous results. 

10. (Cb) H. Hagen and A. Sieverts, Z. anorg. Chem., 186, 225 (1930). 

11. (Zr, Ta) A. Sieverts and A. Gotta, Z. anorg. Chem., 187, 155 (1930). 

12. (V) L. Kirschfeld and A. Sieverts, Z. Elektrochem., 36, 123 (1930). 

13. (Ti) A. Sieverts and A. Gotta, Z. anorg. Chem., 199, 384 (1931). 

14. (Pd) H. BrOning and A. Sieverts, Z. physik. Chem., A, 168, 409 (1932). 

16. (Pd) L. J. Gillespie and F. P. Hall, J. Am. Chem. Soc., 48, 1207 (1926). 

16. (Pd) L. J. Gillespie and L. S. Galstaun, J. Am. Chem. Soc., 68, 2666 (1936). 

17. (Ta) A. Sieverts and H. Brtining, Z. phyeik. Chem., A, 174, 366 (1936). 

18. (Zr) M. N. A. Hall, S. L. H. Martin, and A. L. G. Rera, Tram. Faraday Soc., 
41, 306 (1946). This paper conttuns an extensive list of references to previous 
publications. 

We shall now consider, in more detail, the solubility data for each of the 
metals mentioned in Table 16 and the interpretation of the phenomena 
involved. 

Pallsfdium. Of all the metals for which data are given in Table 16, 
palladtum has received the most attention.^* Whether in the form of 
foil, sponge, or palladium “black,” the metal takes up as much as 900 
volumes of hydrogen at normal pressure and temperature. The actual 
amount varies with method of preparation as well as with the nature of 
the previous heat and exhaust treatment. The sorption at the tempera- 
ture of liquid air is about ten times that observed at room temperature 
and much greater than that observed for charcoal at the same low 
temperature. 

Figure 12 shows plots of the isotherms as calculated by J. R. Lacher 
(see subsequent remarks) compared with the actual data (indicated by 
circles) obtained by Gillespie and Galstaun (16). The abscissas give 
values of the variable 9 = r/0.59 (used by Lacher in his interpretation of 
the observations). As will be observed, each isotherm exhibits a hori- 
zontal portion for which the pressure of hydrogen is constant over a range 
of values of r. At room temperature the maximum value of r for the 
horizontal portion is about 0.6. With increase in temperature the range 
of values of r for which P is constant decreases, and finally, at 295° C and 
19.87 atm, there remains only a point of inflection at r = 0.27. Table 
17 gives the values of P associated with the horizontal portions at a series 
of temperatures. 

According to Gillespie and Galstaun, these dissociation pressure data 
are represented very satisfactorily by the relation 

, _ , orna 1877.82 ' \ 

log = 4.6018 (1) 

where r * absolute temperature. 

** For review of tiie earlier literature see MoB;* p. 288 et seq. 
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This leads to a value for the heat of formation of the alloy of 

Q = 1877.82 X 4.574 
= 8688 cal/mole H 2 . 



Fio. 12. Pressure-solubility isotherms for system hydrogen-palladium at a series 
of temperatures. 6 ■■ r/0.69, where r » number of hydrogen atoms per atom of 
palladium. The observed values are indicated by circles; the plots are those cal- 
culated according to theory. (Lacher.) 


Above 300® C, the solubility of hydrogen in palladium decreases with 
increase in temperature as shown in Table 16. It is of interest to note 






Sec. 6] SOLUBILITY OF HYDROGEN IN METALS OF GROUP B 577 


TABLE IX 

Dissociation Pressures op PuHr Alloys 


Temperature, °C 
296 
250 
200 
160 
135 
100 
80 
50 
30 
0 


P aim P mm 

19.77 

10.28 

4.295 

1.455 

1.0 760 

223.4 
145.9 
46.8 
19.3 
4.0 


that the solubility of deuterium (D 2 ) is somewhat less than that of 
ordinary hydrogen. 

Solubility values for hydrogen and deuterium in palladium at 760 mm 
and for the temperature range 300® C to 1200® C have been determined 
by A. Sieverts and G. Zapf^® and Sieverts and W. Danz.^^^ These data 
are given in Table 18. 

TABLE 18* 

Values op (Solubility) s for H2 and D2 at 1 Atm, in Palladium 


fc 

10"^«H 

10~^8d 

«d/»h 

300 

1.64 

1.10 

0.67 

400 

1.26 

0.938 

.74 

600 

— 

0.831 

— 

600 

0.927 

0.758 

.82 

700 

— 

0.742 

— 

800 

0.84 

0.729 

.87 

900 

— 

0.719 

— 

1000 

0.785 

0.716 

.91 

1100 


0.695 


1200 

0.712 




* These values for hydrogen are evidently lower than those ^ven for palladium 
in Table 16. The latter were taken from CS, p. 161. 

For the temperature range 600® C to 1200® C, and pressures up to 
1 atm, both hydrogen and deuterium obey the VP law. 

A number of investigators have suggested explanations for these ob* 
servations on the palladium-hydrogen system, but the most satisfactory 
interpretation is that given by J. R. Lacher 

Chm., A, 174, 369 (1936). 
phydk Chm., B, 8^ 158 (1936). . 

Ffoc. Boy. Sqc. London, A, 101 526 (1937). 
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As will be observed from the shape of the isotherms in Fig. 12, there is 
a region of values of r for which the pressure remains constant. Accord- 
ing to Lacher, *^When r is less than or greater than the pressure 
increases with increasing concentration.*’ While equilibrium is estab- 
lished very rapidly in the regions of r <Ta and r > hysteresis 
effects have been observed for the region Va < < r^j which indicate 

that equilibrium is established much more slowly in this range of compo- 
sitions. Also there is X-ray evidence for the conclusion that, in this 
region of constant pressure, the hydrogen-palladium system consists of 
‘^two coexistent expanded palladium lattices.” 

Furthermore, 

at the critical temperature r is 0.270. The value of fa, at which the second phase 
appears, decreases as the temperature decreases; the value of at which the first 
phase disappears, increases. 

The fact that the observed maximum value of r is about 0.6 is explained 
by Lacher on the basis of the electron configuration of the palladium 
atom as follows: 

Palladium is a transition metal and has two bands of allowed electron states, 
namely the a and d bands. These bands overlap. The a band can accommodate two 
electrons per atom and the d band ten. Palladium furnishes only ten, with the 
result that the two bands are not completely filled. Gold has one more electron than 
palladium, and when Pd is alloyed with Au, measurements of the susceptibility and 
electrical resistance can be explained by assuming that the extra electron goes into the 
d band which is filled up when between 0.55 and 0.60 electrons per atom have been 
added,** Similarly, when palladium is alloyed with hydrogen, its paramagnetic 
susceptibility decreases and becomes zero whesn between 0.63 and 0.66 hydrogen 
atom per palladium atom have been added. This suggests that the dissolved 
hydrogen is almost completely ionized and that the electrons go into the d shell. It 
suggests further that a definite process of hydrogen absorption will reach completion 
when r = 0.6 approximately. 

In order to account for the observed isotherms, Lacher assumes the 
following mechanism for the process of solution of hydrogen in palladium : 

Let Ma denote the number of hydrogen atoms per unit volume which 
enter into solution. These will be present in the metal as protons 
(nuclei of hydrogen atoms, that is, ionized atoms) and electrons. Let 
Na denote the number of available energy '^holes” into which these 
protons may enter. ^Tn order to explain the occurrence of critical 

** The significance of the subscripts a and ^ will appear from the subsequent dis- 
cussion. 

** This is discussed more fully in the book entitled Th$ Theory of the Properties of 
Me^ and AUoys, by N. F. Mott and H. Jones, p. 189 at 8^., The Clarendon Press, 
Oxford, 1936. 
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phenomena, we must assume further that the energy of absorption de- 
pends on the number of holes filled, increasing as the number of holes 
filled increases/' This assumption is similar to the one introduced to 
account for critical temperatures (or Curie points) in order-disorder 
phenomena. 

The problem thus becomes similar to problems in that group of phe- 
nomena. Assuming that ‘‘the rate of increase in absorption energy is 
directly proportional to the fraction of holes filled” (that is, to ^ - 
Ms/N^), and solving the problem by the methods of statistical me- 
chanics, Lacher deduces a relation between P, and T of the form 


log Pmm 


= 7.4826 + 


2 log^ 
1-0 


891.2 + imAO 
T 


( 2 ) 


From the value of the coefficient of 1/T, it follows that the exothermic 
heat of solution, in calories per gram-mole of hydrogen, is 

Q = 4080 + 9028^ 

- 8594 for 0 = 0.6, 

which is in good agreement with the value Q = 8588 derived from the 
measurements made by Gillespie and Galstaun. It is also in agreement 
with the observation that the energy evolution varies linearly with the 
concentration of hydrogen at lower temperatures. 

The isotherms calculated by means of equation 2 are practically 
identical with those observed by Gillespie and Galstaun (16) and also by 
Sieverts and BrUning (14). 

We shall quote from Lacher's paper, once more, with regard to the 
physical interpretation of the equations which he has deduced. 

When we add hydrogen to palladium, the pressure will increase continuously 
(according to the y/P law at first) until MJNg « 6a* In the region 0 ^ d ^ 
the hydrogen is distributed uniformly among the available holes, and there is only 
one solid phase — the a-phase. As more hydrogen is added, the pressure remains 
constant until 6 * Ofi, In the region 6a < 6 < Ofi the hydrogen cannot be uniformly 
distributed among the available holes. Instead, there are regions where the density 
is 6a and others where it is 6fi — the a- and i^phases co-exist. It is in this concen- 
tration range that X-ray analysis shows the co-existence of two expanded palladium 
lattices. When one adds hydrogen, the /9-phaae increases at the expense of the a- 
phase until the system becomes homogeneous again at ^ « 6^, This, again, is what 
is found by X-ray analysis. When 6 is slightly greater than 6at the intensity of the 
lines due to the o-phase is greater than those due to the /3-phase. When hydrogen 
is added, the intensity of the lines due to the a-phsse falls ofi while simultaneously 
the intensity due to the /^-phase lines increases. When still more hydrogen is added, 
the equilibrium pressure increases again, and in region efi ^ 6 ^ 1 only the pure 
/S-phase exists. As the temperature is raised, both and approach each other. 
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until at the critical temperature da » Above this temperature only one 

phase can exist. 

On the basis of this theory of the coexistence of two phases, it is 
possible, as Lacher shows, to interpret the hysteresis effects mentioned 
above. 

For temperatures above 600® C, the solubility (cms/lOO g Pd) of 
hydrogen (sh) and deuterium (sd) can be represented by the following 
equations: 

Sh = 

that iS| 

251.4 

log Sb. = 0.241 + 0.5 log Pmm H ^ (3) 

89 6 

log Sd = 0.338 + 0.5 log Pmm H — ^ • (4) 

The solubility of hydrogen in a number of alloys of palladium has been 
investigated. Since a comprehensive discussion of the results obtained 
has been given by Smithells,^^ only some of the more salient features need 
be mentioned about these observations. 

In alloys with platinum the solubility of hydrogen is lower, and the 
decrease in solubility increases with increase in percentage of platinum. 
In alloys with silver, the solubility at constant temperature increases 
with increase in content of silver to a maximum value at about 40 per 
cent silver, and then decreases to a very low value for 70 per cent silver. 
The maximum values of the solubilities decrease with increase in tem- 
perature. Alloys of palladium with gold show similar characteristics 
with regard to solubility at lower temperatures (below about 400® C), 
but at higher temperatures the value of the solubility decreases con- 
tinuously, with increase in percentage of gold, to a very low value for 
80 per cent gold. 

In boron-palladium alloys, at temperatures above 160® C, the solu- 
bility of hydrogen reaches a maximum value of about 1300 cm®/ 100 g for 
6.9 atomic per cent of boron. For both smaller and larger contents of 
boron, the value of 8 is lower, decreasing at all temperatures to a very 
low value for 20 atomic per cent of boron. With increase in temperature, 
the solubility decreases in the same manner as for pure palladium. 

We shall now proceed to discuss, in more detail, some of the other 
metals of Group B. 

** CS, pp. 187-191; also RB, pp. 158-1^, and reference 9 in list II. 
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Titanium (references 6, 8, 9, 13). Only the hydrides of lithium, 
sodium, and calcium have higher hydrogen content. Above 800® C, the 
solubility follows the V P law. Sorption begins at 375® C and occurs at 
a rapid rate above 400® C. Figure 13 shows isotherms at four different 



Fia. 13. Isotherms at four different temperatures for the system 
hydrogen-titanium (Sieverts). 

temperatures. The shape of the 600® C isotherm is accounted for, as 
for palladium, by the presence of two phases. G. Hagg^® has demon- 
strated by X-ray investigation that the solid solutions consist of an 
a phase up to 36 atomic per cent, and a $ phase for 50 atomic per cent 
of hydrogen and higher. The a phase is a closely packed hexagonal 
lattice; the P phase, a face-centered cubic lattice. 

Chm., B, XI, 433 (1931). 
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The maximum content of hydrogen in the solid solution corresponds 
to the formula TiHi. 75 , and, as mentioned in the last row in Table 16, the 
density of the “hydride’^ is 3.91 as compared with p = 4.52 for titanium. 
The decrease in density varies linearly with the hydrogen content, and 
this fact indicates that the entrance of hydrogen atoms into interstitial 
sites in the metal lattice effects an expansion of the lattice. According 



Fig. 14. Isotherms at four different temperatures for the system hydrogen- vana- 
dium (Kirschfeld and Sieverts). 

to Hagg, the average value for the radius of the hydrogen atom is 0.44 • 
10 “® cm. It is of interest to note that this value is less than the Bohr 
radius of the orbit of the electron (0.5292 • lO"”® cm) in the normal 
state of the hydrogen atom. 

It is important to observe that in titanium, as in the other metals of 
Group B, maximum sorption is obtained only after the metal has been 
heated in vacuum for a prolonged period at a very hi^ temperature. 
The metal thus degassed absorbs hydrogen very rapidly at a moderately 
high temperature. The sorption under these conditions is completely 
reversible. Sorption at lower temperatures is usually effected by cooling 
the metal, which has been saturated at the higher temperatures, in 
hydrogen. 



Sue. 6] SOLUBILITY OF HYDROGEN IN METALS OF GROUP B 683 


Vanadium (references 6, 12). The maximum hydrogen content cor- 
responds to the chemical composition VH 0 . 72 ) and the density of this 
solid solution is 5.30 as compared with 5.87 for the metal. Figure 14 
shows isotherms for solutions of hydrogen in vanadium. As indicated 


Per cent iron 



Fio. 16. Isobars at 1 atmosphere and a series of temperatures for the sorption of 
hydrogen in iron-vanadium alloys (Kirschfeld and Sieverts). 

on the curves the isotherms are reversible, and all of them follow the 
VF law. 

Kirschfeld and Sieverts also investigated the solubUity of hydrogen in 
three ferrovanadium alloys. Isobars for these alloys at a series of 
temperatures are shown in Fig. 15. 

Zirconium (references 5, 11, 18). Sieverts and Roell (5) gave the 
mei^ a preliminary treatment at 800® C to 1100® C in vacuum, and 
rapid al^rpticm of hydrogen at atmospheric pressure was observed 
above 700® C. Above 1000® C, the isotherms follow the VF law. 
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The maximum hydrogen content corresponds to the composition ZrHi, 92 , 
and the density of this composition is 5.67 as compared with 6.4 for 
pure zirconium. 

Hagg®® has concluded, from X-ray investigations, that, beginning 
with an a phase (close-packed hexagonal lattice) at 5 atomic per cent 
hydrogen, a y phase of similar structure but 'more expanded lattice 
dimensions is observed for a solution containing 33 atomic per cent 
hydrogen. At higher temperatures a phase (face-centered cubic 
lattice) is observed at about 20 atomic per cent hydrogen. At 
50 atomic per cent, a 3 phase (face-centered cubic lattice) is observed, 
and at the highest concentration an « phase is formed in which the 
metal atoms form a face-centered tetragonal lattice. 

More recent observations on the solubility of hydrogen in zirconium 
have been published by Hall, Martin, and Rees (18). Figure 16 shows 
isotherms for a compact sample of the metal containing 0.023 atom 
oxygen per atom zirconium. The inset shows the initial portions of the 
isotherms on an. expanded pressure scale. The ordinates give the 
solubility in cm® H 2 (S.T.P.) per gram of metal. 

Isotherms obtained for ductile zirconium wire and zirconium powder 
exhibit similar characteristics, although the values for the solubility at 
the same temperature and pressure may differ by a few per cent. The 
authors ascribe these variations to contamination by oxygen and nitro- 
gen. From observations on metal containing different amounts of 
oxygen up to about 1 atom oxygen per atom zirconium, the tentative 
conclusion is drawn that “with zirconium-oxygen solid solutions the 
volume of hydrogen sorbed at saturation is decreased by a volume 
equivalent to that of oxygen present.” 

The isobar at 760 mm for zirconium containing 0.058 atom oxygen or 
less is substantially the same as that observed by Sieverts and Roell (5), 
and the volume of hydrogen dissolved at 20° C (on cooling from 400° C 
to 825° C) was observed to be about 240 cm® (S.T.P.) per gram. 

Columbium (reference 10). The isotherms for 300° C and 400° C do 
not follow the V P law. This law applies approximately to isotherms at 
500° C and higher. On heating the metal to 1100° C in a good vacuum 
and letting it cool to room temperature, sorption of hydrogen occurs 
very rapidly. On repeated sorption and desorption, the amount going 
into solution decreases (aging phenomenon). The maYiiniim solu- 
bility corresponds to r = 0.47, which is the lowest value observed for 
any of the metals of Group B. 

*• Loe. cU. 



Sec. 6] SOLUBILITY OF HYDROGEN IN METALS OF GROUP B 585 

Cerium (references 2^ 3, 7, 9), Lanthanum (3, 7), Praseodymium (4), 
and Neodymium (4). The isobars for the first three metals are almost 



Fig. 16. Isotherms at various temperatures for the sorption of hydrogen by com- 
pact sample of zirconium containing 0.023 atom oxygen per atom zirconium. Whole 
series on sa^e sample of 0.04093 g, with duplicate sets of points for 750° C. Inset, 
Initial portion of isotherms at lower pressures. (Hall, Martin, and Rees.) 

identical; that for neodsonium is somewhat lower. All these metals 
form hydrides for which the valued of r range around 2.7. As will be 
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observed from the data in Table 16 and Fig. 11, the solubility of hydrogen 
in cerium and lanthanum, as well as zirconium, decreases only slowly 
with increase in temperature. Even at 1000° C, the solubility in 
lanthanum and cerium is only about half of that observed at room 
temperature. 

The isotherms resemble to a certain extent those observed for the 
hydrogen-palladium system. At higher pressures, they exhibit a steep 
increase in pressure with increase in solubility of hydrogen, of the same 
nature as that observed with the hydrogen-palladium systems for the 
j8 phase. 

The following data are given to illustrate the relatively large sorptions 
observed at low pressures: 


Metal 

Pmm 

fQ 

cm*/g 

LaCe^’ 

1.0 

600 

140 


0.2 

800 

3.2 

Ce 

0.2 

800 

3.24 


0.5 

600 

135.6 


Tantalum (references 1, 11, 17). M. Pirani^® observed that this 
metal when heated in hydrogen could occlude about 740 times its 
volume of the gas. On subsequent heating in vacuum about 650 
volumes were given off, and the rest of the gas could be removed only at 
the melting point of the metal. Pirani also observed that the sorbed 
hydrogen makes a tantalum filament quite brittle and increases its 
electrical resistivity — observations that will be referred to in a subse- 
quent section. 

A more careful investigation by Sieverts and Bergner (1) showed 
that a wire heated in a vacuum to 1200° C absorbs hydrogen slowly at 
temperatures above 500° C. However, once the wire is saturated with 
gas at higher temperatures, it absorbs very much more readily at lower 
temperatures. The same investigators also observed that the sorption 
follows the VP law. The values of vo (cm®/g) obtained by these 
investigators at a series of temperatures are shown in Table 19. 

As observed with titanium and zirconium, the alloys with hydrogen 
form three phases. Up to about 12 atomic per cent hydrogen the struc- 
ture is body-centered cubic (a phase); between 31 and 35 atomic per 
cent hydrogen, the structure is that of a closely packed hexagonal lattice 
(jU phase), and between 48 and 52 atomic per cent a y phase is formed, 
which has the structure of a slightly deformed body-centered cubic 
lattice. 

Alloys of lanthanum and cerium are designated “misch metal.” 

^Z.Eldctrochem.,il,m(im). 
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TABLE 19 

Sorption (cm*/o) op Hydrogen at 1 Atm by Tantahtm 
(S lEVEHTS AND BERGNEB) 


°c 

VQ 



100 

44.5 

730 

3.71 

183 

41.9 

830 

2.25 

263 

36.4 

930 

1.66 

’ 314 

33.0 

1030 

1.32 

474 

17.5 

1130 

1.07 

530 

11.9 

1230 

0.89 

630 

5.69 




Thorium (reference 5). Tlie metal powder used by Sieverts and 
Roell was 96 per cent pure. After a preliminary heating at 800® C to 
1100° C in vacuum, sorption of hydrogen was observed to occur at 
400° C. At 475° C the rate of sorption was quite rapid. 

The sorption and desorption isotherms did not coincide at any tem- 
perature. This is illustrated by the observations recorded in Table 20. 
The metal was first heated in vacuum to 1 100° C, and cooled. Hydrogen 
was then admitted and the metal heated to 530° C. 

TABLE 20 


Sorption and Desorption Data fob Hydrogen in Thorium 


ec 

Pmm 

cmVg 

fC 

P mm 

cmVg 

530 

760 

95.6 

800 

754 

82.4 


Cooled in H 2 



Cooled in H 2 


25 

754 

136.6 

25 

752 

141.0 

800 

754 

86.4 

1100 

756 

27.5 


298 

84.0 


288 

23.6 


167 

79.8 


0 

19.6 


69.7 

42.6 


467 

(29.5) 


27.8 

25.9 


757 

(40.3) 


2.1 

17.6 





As for the other metals of Group B, the maximum solubility of 
hydrogen in thorium does not correspond to a stoichiometric composi- 
tion, since r has the value 3.07. 

Summarizing the data given in Table 16 and the isobars shown in 
Fig. 11 it is (rf interest to compare the relation between these isobars 
and the positions of the metals in the periodic arrangement. According 
to the periodic arrangement the metals of Group B fall in the following 
three ^Ups: (n) Ti, Zr, Thj (6) La, Ce, Pr, Nd; (c) V, Cb, Ta. 

In i^eh group, its solubility decreases with increase in atomib number 
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of the metal; and while the solubility is highest for titanium, it is lowest 
for tantalum. 

As has been mentioned previously, heat is evolved in the formation of 
these solid solutions. The values of these heats of formation, Q, in 
calories per g-mole H 2 are given in Table 21; for comparison, there are 
also given values for the hydrides of the alkali and alkaline-earth 
metals. The numbers in parentheses give the references in List II. 

TABLE 21 


Heats of 

Formation of Hydrogen Alloys and Hydrides 

Hydrogen 

Alloys 

Q (cal/mole H 2 ) 

Hydrides 

Q (cal/mole H 2 ) 

PdHo .59 

8,588 

LiH 

43,000 

TiHi .75 

36,000 (13) 

NaH 

26,280 

ZrHi.92 

40,500 (11) 

KH 

28,200 

LaH2.8 

40,090 (7) 

CaH2 

48,880 

CeH2.7 

42,260 (7) 

SrH2 

42,060 

PrH2.8 

39,520 (7) 

BaH2 

40,860 


As will be observed, the values of Q for the “hydrides” of the metals 
of Group B are comparable with those for the hydrides of the alkali and 
alkaline-earth metals. 

(However, the similarity between the two classes of hydrides does not 
extend beyond the fact that values of the heats of solution are of the 
same order of magnitude as the heats of formation of the chemically 
defined hydrides. On heating, the latter dissociate, and for each 
temperature there exists a definite dissociation pressure of hydrogen 
which can be expressed as a function of the temperature by a relation 
similar to that used for expressing the vapor pressure of a solid or liquid. 
Consequently these observations are discussed in Chapter 11 along with 
the observations on the dissociation of nitrides and oxides.) 

Because of the high values of the solubility of hydrogen, as well as 
other gases, in titanium, zirconium, and thorium, these metals have been 
utilized in the production of electronic tubes as “getters,” since they 
improve the vacuum in a sealed-off device. (This topic is discussed at 
greater length in the following chapter.) 

One other characteristic of the metals of Group B must also be men- 
tioned in this connection. All of them, including alloys which contain 
fairly appreciable percentages of other metals, exhibit an increase in the 
electrical resistivity when hydrogen is taken up. 

Denoting the ratio of the resistivity of the hydride to that of the pure 
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metal by Z, it was shown by Sieverts and Brhning®® that in the case of 
tantalum 

Z -I =Kr, (5) 

where r has the same significance as in Table 16, and K = 1.6 for 500“ C 
and 600° C for all values of r. (For 400“ C, K = 1.8.) That is, the 
resistivity increases linearly with the concentration of hydrogen. 

From observations on palladium wires, the same investigators^® found 
that equation 5 is valid only for lower concentrations of hydrogen, 
because of the phase changes which occur at higher concentrations. 
The maximum value of Z, observed for r *= 0.5, was about 1.5, inde- 
pendently of the temperature in the range 160“ C to 310“ C. 

Hagen and Sieverts** obtained similar results with palladium at higher 
temperatures and higher pressures of hydrogen, as well as with Pd-Ag 
and Pd-Au alloys.*^ 

The fact that drawn tantalum wire becomes brittle when heated in 
hydrogen is well known. This is no doubt the result of the straining 
of the lattice structure due to hydrogen absorption. Other metals, e.g. 
copper, are also embrittled by hydrogen. 

In general, dissolved gases affect the mechanical properties of metals,*® 
and a large number of investigations published in metallurgical journals 
have dealt with this topic. 

6. DERIVATION OF RELATIONS FOR THE SOLUBILITY OF 
HYDROGEN IN METALS 

By applying the methods of statistical mechanics, R. H. Fowler and 
J. C. Smithells** have been able to deduce relations for the solubility of 
hydrogen which apply to each of the two groups A and B. 

The plots shown in Fig. 17, taken from their paper, serve to emphasize 
the radical differences between the two groups. The ordinates give the 
values of log* s, where a = 10®t»o = cm® (S.T.P.) per 100 g; and the 
abscissas give values of 10*/r. Thus the slopes of the lines are pro- 
portional to the heats of solution. As will be observed, these slopes for 
metals of Group A are in the opposite direction to those for metals of 
Group B, which corresponds, as mentioned previously, to the fact that 

»»Z. phytik. Chem., A, 174, 366 (1935). 

"Z. pAvwfc. Chem., A, 168, 409 (1932). 

Z. phytik. Chem., A, 166, 1 (1933). 

«Z. Cfearn., A, 174, 247 (1935). 

** A brief r48am5 is given by CS, pp. 191-198. 

^ Pros. Roy. See. London, A, 160, 37 (1937). Sm also RB, pp. 152-165. 
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heat is absorbed in metals of Group A when hydrogen goes into solution, 
and heat is evolved in metals of Group B. 

Fowler and Smithells assume that in metals of Group A the protons 
move quite freely throughout the lattice, because of their low concen- 



Fig, 17. Plots of In « versus 1/T for metals of Groups A and B. The values of s 
(cm®, S.T.P., per 100 g) are indicated for corresponding values of In a, (Fowler 

and Smithells.) 

tration, whereas in metals of Group B the protons become ^^localized^' 
as a result of their high concentration, which brings into play binding 
forces between protons and metal atoms. 
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For metals of Group A, the relation deduced for a is 

log a = 2.774 + 0.5 log - 0.26 log P - log p - . (1) 

where ordinary logs are used, p = density, and Qs = heat of solution in 
calories per gram-mole of hydrogen. (Values for Qs are given in one of 
the lower rows of Table 15.) 

For metals of Group B, the relation deduced is 

(^) ® ® - 1.75 log r + . (2) 

where Sq = solubility at saturation, at room temperature, and Q = 
heat evolved in calories per gram-mole of hydrogen. 

Many of the values of Qs and Q derived by Fowler and Smithells 
(designated by FS) are quite different from those given in Tables 16 
and 21, as shown by the data in Table 22. 

TABLE 22 

Heats of Solution op Hydrogen in Metals 


Qs (cal/mole H 2 ) Q (cal/mole H 2 ) 


Metal 

Table 15 

FS 

Metal 

Table 20 

FS 

Cu 

18,300 

14,100 

Ti 

36,000 

10,000 

Co 

16,500 

7,300 

Zr 

40,500 

17,500 

Fe 

13,300 

7,000 

Th 

— 

22,600 

Ni 

6,900 

5,600 

V 

— 

7,700 

A1 

43,400 

45,500 

Pd 

8,588 

2,040 

Pt 

34,500 

86,400 




Mo 

14,000 

3,600 




Ag 

11,900 

11,600 





Applying equation 1 to the solubility data for nickel and iron and 
using the values of Qs given in Table 15, the calculated values for s are 
found to be about 10 times those observed. 

Similar results are obtained by application of equation 2 to vanadium, 
for instance, by using the value for Q given in Table 21 and the value 
of So given in Table 16. 

7. SOLUBIUTr OF HITDROGEN IN PALLADIUM-UKE METALS 
AND PALLADIUM BLACK 

Although none of the other metals of the palladium and platinum 
group (the ^^noble'' metals) behave like palludium with respect to 
hydrin, they do absorb hydrogen, to a very noticeable extent even at 



592 


GASES AND METALS 


[Chap. 9 


room temperature, when in di finely divided state. Table 23 gives absorp- 
tion data at 1 atm observed by E. Muller and K. Schwabe.^^ The 
metals were obtained in powder form by reduction of the oxides, and 
were then saturated with nitrogen and evacuated at 18° C. 


TABLE 23 


Sorption 

Data for 

Hydrogen 

BY “Noble” 

Metals at 

18° C AND 

1 Atm 

Metal: 

Ru 

Rh 

Pd 

Os 

Ir 

Pt 

v^: 

124 

101 

79 

74 

49 

35 

V,: 

1520 

1240 

910 

1660 

1100 

760 

A: 

101.7 

102.9 

106.7 

190.2 

193.1 

195.2 

p- 

12.2 

12,5 

11.4 

22.48 

22.42 

21.45 

r: 

1.12 

0.93 

0.75 

1.26 

1.0 

0.61 


It will be observed that the hydrogen absorbed corresponded to a 
value of the order of 1 atom H per atom of metal. The values given in 
the table were the highest sorptions observed. Temperature of reduc- 
tion and duration of treatment in hydrogen affected the sorption to a 
considerable extent. 

With the exception of palladium (for which the value of the amount 
absorbed is even higher than that recorded in Table 16), it was observed 
that the sorption capacity depended upon the extent of the surface. 
This indicates that the sorption in these metals is due either to physical 
adsorption or, probably, chemisorption. Muller and Schwabe have 
used as an argument in favor of this conclusion the data obtained by 
L. Mond, W. Ramsay, and J. Shields^.® on the sorption of hydrogen at 
room temperature by platinum foil which had been ‘‘activated’^ by 
heat treatment in hydrogen. These data are given in Table 24. 

TABLE 24 


Sorption 

(vo) at Room Temperature 

FOR Hydrogen by Activated 

Pt-Foil 


Series I 



Series II 


Pmm 

Vo 

PwmM 

Pmm 

Vo 

Pmm/Vo^ 

11.1 

1.877 

3.150 

22.4 

1.888 

6.284 

30.9 

1.941 

8.204 

59.6 

1.937 

15.85 

176.5 

2.000 

44.11 

126.7 

1.963 

32.60 

371.4 

2.015 

91.47 

264.5 

2.012 

66.31 

767.0 

2.030 

186.1 

416.9 

2.085 

95.85 




767.0 

2.085 

176.4 


Elektrochem., 36, 165 (1929). 

PhU. Trans. Roy. Soc. London, A, 191, 106 (1898). 
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Mtiller and Schwabe found that the two series of observations recorded 
in Table 24 could be represented by the Zeise equation (see Chapter 8), 

I kik2P 3 ^ 

■ VlTfeP ■ 

In accordance with this relation, a plot of P/vo® against P is found 
to be linear. 

Isobars for some of the metals under discussion have also been deter- 
mined by A. Gutbier and W. Schieferdecker.*^ From the plots of these 
observations at 1 atm the interpolated values have been obtained which 
are given in Table 25. 


TABLE 25 

Sorption (tio) at 1 Atm for Hydrogen by Pd-like Metam 




Ir 

Ir 

Ir 

Ru 

Os 

ec 

Pd 

(black) 

(powder) 

(460° C) 

(black) 

(black) 

20 

70 

5.61 

1.10 

0.58 

1.20 

3.15 

60 

64 

4.90 

0.85 

.47 

0.90 

2.57 

100 

59 

4.45 

.80 

.43 

.78 

2.24 

140 

62 

4.05 

.74 

.40 

.66 

2.06 

150 

32.8 

3.95 

.73 

,38 

.62 

2.02 

160 

11.4 

3.80 

.71 

.37 

.60 

2.00 

180 

5.7 

3.60 

.69 

.35 

.55 

1.94 

190 

4.6 

3.55 

.67 

.33 

.52 

1.92 


The fourth column gives the results for a Heraus gray powder, and the 
next column gives results for the same powder after being heated to 
460“ C. As will be observed the values of vo decrease approximately 
linearly with the temperature. 

By heating the powders to temperatures not exceeding 350° C, the 
sorption at lower temperatures was increased. It was also observed 
that the sorption of carbon monoxide by iridium was about the same as 
that of hydrogen. 

A. F. Benton^® observed that “platinum black” at 25“ C and 1 atm 
absorbed 36.7 volumes of hydrogen, 37.8 volumes of carbon monoxide, 
and 20.4 of oxygen. The sorption of hydrogen per gram was about 
1.68 cm® at 760 mm and about 1.38 cm® at 1 mm. 

The sorption by palladium black at liquid-air temperature is about 
ten times that observed at room temperature and exceeds that observed 
for charcoal. The data obtained by S. Valentiner^® for the sorption of 

« Z. anorg- Chem., 184 , 305 (1929). 

*• J. Am. Chem. Soc., 48, 1850 (1926). 

Bar. deiU. phyrik. (7e«., 18, 1003 (1911). 
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hydrogen by palladium black at three temperatures are shown in 
Table 26. 


TABLE 26 


Sorption op Hydrogen by Palladium Black (Valentiner) 


t =* 

20'^C 

t = 

-20°C 

t = 

-190®C 

Pfnm 

n 

P mm 

VO 

P mm 

VO 

0.001 

0.10 

0.014 

0.27 

0.0005 

2.05 

.005 

.26 

.031 

.33 

.0015 

2.11 

.037 

.40 

.056 

.37 

.001 

3.06 

.110 

.52 

.087 

.41 

.001 

9.1 

.190 

.59 

.184 

.49 

.002 

33,0 

.315 

.70 

.30 

.55 

.005 

40.0 

.52 

.82 

.52 

.61 

.012 

47.2 

.76 

.92 

.88 

.67 

.025 

63.0 


Since 1 cm® (S.T.P.) is equal to 760 micron - liters (at 0®C) these 
sorptions, especially at room temperature and lower temperatures, and 
at pressures as low as 0.5 micron, are remarkably high. Consequently 
experiments were carried out by the writer and his associates, during 
1918, on the possibility of utilizing palladium as an adsorbent for the 
evacuation of small radio vacuum tubes. 

The method of preparation has been described by C. Hoitsema.®® 
With slight variations this method was used by the writer as follows: 

The palladium in the form of sheet or wire is dissolved in aqua regia 
and evaporated on a water bath till acid vapors have disappeared; the 
solution is then diluted and warmed', and concentrated solution of 
sodium carbonate is added to neutralize free acid. A slight amount of 
acetic acid is then added, the solution is warmed, and a warm con- 
centrated solution of sodium formate is added. The palladium comes 
down as a black flocculent precipitate which settles rapidly at the 
bottom of the beaker. The supernatant liquid is decanted, and the 
precipitate washed with distilled water till the wash water shows no 
traces of chlorides. The palladium “black” is then washed with alcohol 
and transferred to a U-tube, where it is dried by blowing air over it and 
then evacuated on a rough pump. The U-tube ought to have side tubes 
through which gas can be passed and constrictions at which it can be 
sealed off later. After the rough evacuation (with slight warming of 
the U-tube), hydrogen is passed over the palladium black for some time, 

A very comprehensive review of the earlier observations made by this investi- 
gator and others on the sorption characteristics of palladium and the other metals of 
this group is given in McB, pp. 286-306. 
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and while the gas is still passing through the tube the tube is sealed off 
at the constrictions. This leaves the palladium black in equilibrium 
with hydrogen, and it can be kept active for a long time. 

For use in exhaust work, the U-tube is opened and a sample trans- 
ferred to a tube such as is used in sorption by charcoal. It is well to 
cover the top of the palladium black with glass wool in order to prevent 
it from being drawn into the rest of the apparatqs when vacuum is 
applied. 

A niunber of experiments were carried out in this laboratory by 
A. G. Huntley, Miss M. Daly, and the writer. While the behavior of 
palladium black was found to be extremely erratic, the results obtained, 
as illustrated by the following experiment, showed that it is possible to 
obtain samples possessing very high absorbing power. 

An ionization gauge with an appendix containing about 1 g of palla- 
dium black was well exhausted on a condensation pump and sealed off 
at a residual gas pressure of about 0.2 micron (the gas consisting prob- 
ably of nitrogen and hydrogen). On immersion of the appendix in 
liquid air, the pressure decreased to 0.003 micron with the gauge filament 
lighted. On turning off the filament for some time, and then lighting it 
for an instant, the pressure was observed to have decreased still further 
to 0.0004 micron. Apparently, there is a continual slight evolution of 
gas from the walls of the gauge and filament leads even after the metal 
parts have been bombardeid for a long time. In other experiments 
pressures as low as 0.0001 micron were obtained in a sealed-off gauge 
with a palladium tube immersed in liquid air. 

A number of experiments were carried out using palladium black for 
absorbing the residual gases in a small hot-cathode diode exhausted on 
an oil pump only. An ordinary lamp exhaust system was used giving 
an exhaust pressure of about 1 micron. A few milligrams of palladium 
black were placed in a diode (about 100 cm^ volume) which contained a 
6-volt 2.5-ampere tungsten filament and a cylindrical molybdenum 
anode about in diameter by J/g in. in length. The tube was 

exhausted on the oil pump, with simultaneous heating in an oven for 
30 minutes at 360® C, and sealed off. The metal cylinder was then 
bombarded to a white heat by making the filament cathode. The gases 
evolved were absorbed rapidly by the palladium black, in spite of its 
being above room temperature, and finally the vacuum became so good 
that excellent space-charge characteristics were obtained. Special 
experiments showed that in order to obtain this condition the pressure 
must be at least as low as 0.05 micron. Thus even with a few milligrams 
of palladium black at room temperature it was possible to clean up 
appreciable quantities of gas. Siihilsr results were obtained repeatedly. 
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In fact a large number of small diodes and triodes were exhausted in this 
manner, with the regular exhaust system used in lamp factories, and 
without a mercury-vapor pump or liquid air. 

As subsequent investigation showed that the same results could be 
obtained with the very much cheaper activated charcoal, and, further- 
more, as some samples of palladium black absolutely failed for some 
undetermined reason to act as absorbents, this method was used for 
only a short time. The results, however, suggest interesting possibilities 
in the production of high vacua by means of palladium black, and further 
investigation ought to be carried out to determine definitely the condi- 
tions under which it can be made active. It has been shown by E. B. 
Maxted®^ that hydrogen sulfide inhibits the absorbing efficiency of 
palladium black. Similar facts have been known for a long time about 
various metallic catalysts, and probably the same causes influence the 
behavior of palladium black. 


8. SOLUBILITY OF NITROGEN IN METALS 

According to Smithells,®^ 

Nitrogen is only soluble in those metals which are capable of forming nitrides. . . . 
Nitrogen hsw been shown to be insoluble, within the limits of the experimental method 
in cobalt, copper, silver, and gold. Those metals which, like iron and molybdenum 
absorb nitrogen show the same kind of changes in lattice structure, mechanical and 
electrical properties as are shown when the hydride-forming elements absorb hydro- 
gen. 

When iron and other nitride-forming metals are heated in nitrogen, 
the amount of nitrogen which actually enters into solution is of the 
order of 1 per cent or less by weight, and there is no tendency to form a 
nitride. The methods of formation of the nitrides are discussed in 
Chapter 12. 

The most reliable data on the solubility of nitrogen in iron are those 
obtained by A. Sieverts®® and by A. Sieverts, G. Zapf, and H. Moritz.®^ 
Table 27 gives the values of s (cm®/100 g) at approximately 1 atm pres- 
sure, as observed on a sample of Armco iron. (The actual pressures in 
millimeters are indicated in parentheses.) The data for the tempera- 
tures 750-900® C are those published in 1931; the other data are those 
given in the second paper. Figure 18, taken from this paper, shows the 

J. Chem. Soc., 116, 1060 (1919). 

»* CS, p. 170. 

•• Z. phytik. Chem., A, 166, 299 (1931). 

M Z. physik. Chem., A, 188, 19 (1938-1939). 
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isobar at 1 atm. As shown by this plot, the value of s exhibits a con- 
siderable increase at the a-y transition, a decrease at the 7-6 transition, 
and, again, quite an increase at the melting point. 

The solubility obeys the VP law, which signifies that the nitrogen 
dissolves in iron as atoms. 


TABLE 27 

Solubility (cmYIOO g) op Nitbooen at 1 Atm in Iron 


“C: 


750 

890 

900 







S'. 


0.32 

1.60 

20. 







°C: 


1200 

1300 

1400 

1450 

1390 





{Pfnm ~ 

754)fi; 

19.2 

18.2 

13.9 

9.3 

17.2 







1300 

1390 

1400 

1420 

1460 

1390 

1070 

920 

840 805 

(I^nm = 

758)«: 

16.8 

16.6 

10.6 

8.1 

8.6 

16.6 

19.0 

9.3 

4.6 1.1 

^C: 


1310 

1380 

1440 

1600 

1640 

1460 




{Pmm = 

744)«: 

17.4 

17.1 

8.8 

9.7 

24.6 

10.5 




®C: 


1540 

1560 

1560 







(Pmm ~ 

760)5 : 

24.6 

26.7 

27.9 







For 8 

= 25, Vg 

= 1.57 and lOV 

= 10, 

also X 

= 1.25®. 





Comparing the solubility of nitrogen with that of hydrogen in iron, 
it is seen that hydrogen is more soluble in a-iron, but above 900° C the 
solubilities are of the same order of magnitude. 

The solubility of nitrogen in molten iron has been investigated by 
J. Chipman and D. W. Murphy.^^ At about 740 mm pressure, the 
solubility is 0.039 per cent (by weight) just above the melting point, 
and 0.04 per cent at 1760° C. This corresponds to a value s = 32 cmV 
100 g iron. It was observed that in this case also s varies as \/P. 

These investigators also observed that the rate of solution of nitrogen 
in molten iron is given by the simple relation 

^ = fc(So - 8), (1) 

where so is the saturation solubility. Small concentrations of aluminum 
or silicon in the iron caused the rate of solution to increase ten- to 
twenty-fold. 

The solubility data are in agreement with the observation that, on 
degassing iron, the volume of gas evolved rarely exceeds about 20 
cm*/ 100 g. The rate of gas evolution is very low at 800° C on account 
of the low rate of diffusion of the dissolved gas but increases rapidly with 
the temperature. 

« Trana. AJ.M.E., 116, 179 (1936). 
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While carbon monoxide is probably soluble in iron to some extent, no 
solubility data are available. The observed evolution of carbon 
monoxide and dioxide on degassing iron may be accounted for (as in the 
case of nickel) by diffusion of carbon and reduction of oxides in the metal. 



o For increasing temperature x — x — x Former curve for 7 - Fe 

• For decreasing temperature x h Hagen 

• For increasing temperature Ch Chipman 

Fig. 18. Isobar for the solubility of nitrogen at 1 atmosphere in Armco iron. Data 
obtained by other investigators are also shown. (Sieverts, Zapf, and Moritz.) 

The solubility of nitrogen in molybdenum has been investigated in the 
range 936® C to 1168® C by A. Sieverts and H. Brtining,*® and in the 
range 1200® C to 2400® C by F. J. Norton and A. L. Marshall.^^ Table 
28 gives the solubility data observed by the first-mentioned investigators, 

for molybdenum wire. The solubility follows the VP law at all tem- 
peratures. 

Arch. EiaenhiUtenw, 7, 641 (1933). 

Tram, A.LM.E.t 166, 361 (1944), and personal communioatioii. 
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TABLE 28 

Solubility of Nitrogen at 753 mm in Molybdenum Wire 


^°C 

B = cm®/100 g 

X = mg/100 g* 

lOV* 

936 

58.8 

73.51 

60.4 

1020 

29.1 

36.34 

24.9 

1046 

24.7 

30.90 

21.2 

1081 

20.1 

25.11 

17.2 

1118 

16.6 

20.66 

14.2 

1142 

16.1 

18.88 

12.9 

1168 

13.0 

16.27 

11.2 


* X = 1.26s; lOV = 0.686X. 

On the other hand, molybdenum sheet absorbed much smaller 
amounts, 1.69 mg/100 g at 1127° C and 3.69 mg/100 g at 829° C. These 
results are in agreement with those obtained by E. Martin.®® 

Table 29 gives the solubility data obtained by Norton and Marshall 
for nitrogen in molybdenum and tungsten, 

TABLE 29 

Solubility op Nitrogen at 1 Atm in Molybdenum and Tungsten 


Molybdenum Tungsten 


°C 

mg/100 g 

cmVlOO g 

Va 

mg/100 g 

cmVlOOg 

V, 

2400 

20. 

16. 

1,65 

0.38 

0.304 

0.069 

2000 

10.5 

8.4 

0.87 

.11 

.088 

.017 

1600 

4.3 

3.44 

.35 

.019 

.016 

.003 

1200 

1.05 

0.84 

.09 

.0013 

.001 

.0002 

Heat of Solution: 

38,500 



74,700 



(cal/mole N 2 ) 


It is difficult to understand the reason for the radical differences be- 
tween the two sets of observations, both with respect to order of magni- 
tude of s and also with respect to the variation with temperature. It 
should be stated that Sieverts and Briining also investigated the solu- 
bility of nitrogen in molybdenum-iron alloys. At 1100° C and 1150° C 
the solubility increases with addition of molybdenum, from that in pure 
iron (about 4 cm®/100 g) to about 16 cm®/100 g at 10 atomic per cent 
molybdenum. Further increase in molybdenum content causes the 
solubility to decrease to a minimum at 40 atomic per cent molybdenum, 
after which the solubility increases until it reaches that for pure molyb- 
denum. 

^ Arch, Eimhmenv)., 3, 407 (1929-1930). 
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Nitrogen is soluble in molten aluminum, and the solubility increases 
with the temperature. At the melting point, s = 1 cm^/100 g. 

According to the observations of J. H. DeBoer and J. D. Fast,^^ 
zirconium heated in nitrogen takes up 1 atom of nitrogen to 11 of 
zirconium, forming a solid solution of the nitride ZrN. 

The electrical resistivity of this solution is greater than that of the 
metal; also, instead of a sharp transition from the a to the phase at 
866° C, the transition range is extended over several hundred degrees. 

Oxygen is absorbed in a similar manner by zirconium, to the extent of 
1 atom of oxygen to 9 atoms of zirconium, and the effect on the electrical 
resistance is the same as that of nitrogen. 

The investigators state that “oxygen as well as nitrogen dissolves 
homogeneously in metallic zirconium. When a zirconium rod which is 
covered with a thick white oxide layer is heated in vacuo, the metallic 
luster reappears. The oxide has dissolved in the metal, and a homo- 
geneous phase has apparently once more been formed.'^ Along with the 
increase in electric resistivity there is a rise in the melting point and the 
lattice becomes expanded. 

With many of the metals, nitrogen reacts to form nitrides. The ther- 
modynamic properties of these compounds are discussed in Chapter 12. 

9, SOLUBILITY OF OXYGEN AND OTHER GASES 

The difficulty in the experimental determination of the solubility of 
oxygen in metals has been stated by J. C. Smithells®^ as follows: 

Oxygen is soluble to some extent in most metals, but except in the case of the 
noble metals, an oxide phase also appears when the limit of solid solubility is ex- 
ceeded. The solid solubility of oxygen in the common metals is usually considered 
as small in comparison with the total amount of oxygen which may be present in the 
metal. Many molten metals are capable of dissolving large quantities of oxygen 
(or of their own oxides, which amounts to the same thing), blit on freezing the excess 
oxygen is precipitated as oxide. The solubility of oxygen in the solid metals is of 
the same order as that of hydrogen. It is, however, much more difficult to determine 
accurately. 

. The system oxygen-copper has been investigated by F. N. Rhines and 
C. H. Mathewson.®^ The melting points of the metal and CU 2 O are 
1083° C and 1235° C, respectively. The eutectic melts at 1066° C. 
Table 30 gives solubility data observed below this temperature, accord- 
ing to Rhines and Mathewson, and also the data observed by A. Phillips 

Eec. trav. chim, 65, 469 (1936). 

®®CS, p. 175. 

Trans, A.LM.E,, 111, 337 (1934). 
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TABLE 30 

SouD Solubility of Oxygen in Coppbb 


Rhines and Mathewson Phillips and Skinner 


ec 

cm*/ 100 g 

Weight Per Cent 

fC 

Weight Per Cent, 

600 

6.0 

0.0071 

700 

0.0022 

800 

6.6 

.0094 

850 

.0025- 0029 

950 

7.0 

.0100 

900 

.0027-. 0036 

1060 

10.9 

.0166 

950 

.003^.0046 




1000 

.0044-. 0056 




1050 

.<X)72-.0077 


and E. N. Skinner,** who used samples of copper from different sources; 
the table shows the range of values observed for the solubilities. The 
main reason for the difference between the two sets of data seems to be 
actual experimental difficulties in the analytical determination of such 
small percentages of dissolved gas. The values of the solubility limit 
reported by Rhines and Mathewson were obtained by exposing copper 
sheets “to free access of air at a definite temperature in a Hevi Duty 
muffle furnace for periods varying between one day and three weeks.” 
Data on the dissociation pressures of the oxides of copper are given in 
Table 12.5. 

The observations on the solubility of oxygen in iron have been sum- 
marized by Smithells as follows:*® 

The solubility of oxygen in liquid iron increases from 147 cm*/100 g (0.21 per cent 
oxygen by weight) at the melting point to 387 cm*/100 g (0.552 per cent by weight) 
at 1734° C. Oxygen is probably more soluble in y than in a or $ iron, and estimates of 
the solubility in the range between 800° C and 1000° C vary from 24 to 28 cm’/lOO g. 

C. H. Herty, Jr., and J. M. Gaines*^ have shown that oxygen must 
dissolve in liquid iron as FeO, and it probably dissolves in the solid metal 
in the same form. This view is in accord with the observations on the 
solubility of oxygen in copper and also in cobalt. 

The saturatipn solubility data obtained by A. U. Seybolt and C. H. 
Mathewson*® for oxygen in cobalt are shown in Table 31. These results 
were observed, as in the case of copper, by heating the metal “in an 
oxygen atmosphere at the temperature chosen, for a sufficient time to 
obtain equilibrium by diffusion of oxygen through it.” 

•* Trans. A.LM.E., 148. 301 (1941). 

«»CS, p. 177. 

** Trans. A.I.MJE., 80, 142, Ir<m and Sted (1928). 

•» Tron*. A.I.M.E., IIT, 156 (1935). 
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TABLE 31 


SoUD SoLXJBIUTY OP OXYGEN IN COBALT 


®c 

mg/100 g 

Atomic Per Cent CoO 

cmVlOO g 

600 

6 

0.0221 

4.2 

700 

9 

.0332 

6.3 

810 

16' 

.0588 

11.2 

875 

10 

.0369 

7.0 

946 

7 

.0258 

4.9 

1000 

8 

.0295 

6.6 

1200 

13 

.0479 

9.1 


Figure 19 taken from the original paper shows a plot of l/T versus log 
(oxygen content). The abrupt decrease in solubility at about 875® C 



Fig. 19. Phase diagram for cobalt-cobaltous oxide system in which l/T is plotted 
against log of percentage by weight of CoO, but temperature is shown in degrees 
Centrigrade and the weight per cent oxygen is given. At the point indicated by 
two concentric circles (876® C) there is an abrupt decre^e in solubility. (Seybolt 

and Mathewson.) 

(the point indicated by two concentric circles) leads to the conclusion 
that a crystallographic transformation of cobalt in the cobalt-oxygen 
system occurs at this temperature. In pure cobalt this transformation 
occurs at 850® C. 
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For the upper range of temperatures the linear plot yields the value 
Qs = 8650 cal per mole oxygen, for the heat of solution. 

In the case of nickel^ the observation has been recorded by P. D. 
Merica and R. G. Waltenberg®® that ^^Nickel melted in the presence of 
oxygen yields an oxide (NiO) with which it forms a eutectic. This 
eutectic contains about 0.24 per cent oxygen, corresponding to 1.1 per 
cent NiO, and melts at 1438® 



200 400 600 800 

Temperature in ’C 


Fig. 20. Isobars at four pressures for the solubility of oxygen in silver 
(Steacie and Johnson). 

In Chapter 12 the related topics are discussed of rates of oxidation and 
of dissociation pressures of the oxides of the metals. 

The system silver-oxygen has been investigated by E. W. R. Steacie 
and F. M. G. Johnson*’^ and also by J. H. Simons.®® The solubility of 
oxygen in solid silver and rate of solution are proportional to VP. Table 
32 gives the data obtained by Steacie and Johnson for a pressure of 
800 nun. The third row gives values of s/V and Fig. 20 shows 

** Technci. Paper, NaU, Bwr, Standards, 19, No. 281, p. 155 (1924-1925). 

” Ptoc. Soy. Soe. London, A, 113, 542 (1926). 

« J. Phyn. Chem., 86, 662 (1932). 




604 


GASES AND METALS 


[Chap. 9 


plots of four isobars giving values of Vg(-VQp) as a function of the 
temperature at constant pressure. 

TABLE 32 

Solubility (cm® per 100 q) of Oxygen at 800 mm in Silver 


fC’. 

200 

300 

400 

500 

^600 

700 

800 

S’. 

lOh/VK^: 

1.3 

0.924 

0.828 

0.905 

1.26 

1.84 

3.37 

4.78 

3.27 

2.93 

3,20 

4.45 

6.50 

11.92 


The most interesting feature about these data is the occurrence of a 
minimum at about 400° C. Steacie and Johnson have accounted for this 
minimum on the assumption that, below 400° C, the dissolved oxygen 
exists in the form of Ag 20 , and above this temperature as oxygen atoms, 
since Ag 20 is a relatively unstable compound. 

Simons has argued that the minimum is due to a balance between (1) 
increase in solubility of Ag 20 in silver with increase in temperature, and 
(2) increase in dissociation pressure of the oxide with increase in temper- 
ature. The dissociation pressures of Ag20 for a series of temperatures 
are given in Table 12.3, and from these data it will be observed that at 
400° C the dissociation pressure is about 115 atm. 

According to Simons the solubility of Ag20 in silver is given by the 
relation 

log;? = 0.0034(^- 300), (1) 

where z - g Ag20 per 1000 g Ag, and ^ = °C. 

The solubility of oxygen in molten silver was investigated by A. Sieverts 
and J. Hagenacker,®® and Table 33 gives the results of their determina- 
tions. The third row gives the values of the ratio of oxygen atoms to 
silver atoms. As will be observed there is about a 40-fold increase in 
the solubility at the melting point. 

TABLE 33 


Solubility of Oxygen at 1 

Atm in Molten 

Silver 


ec: 923 

960.5 

973 

1024 

1075 

1125 

mg/100 g 

m.p. 

305 

295 

277 

264 

0: 10^ Ag 


206 

199 

187 

178 

Vol. O 2 : vol. Ag 


22.4 

21.5 

20.4 

19.4 

8 6.43 


213.5 

205.6 

193.9 

184.9 


At 1075° C, 1 volume of molten silver in air (oxygen pressure about 
150 mm) dissolves about 9 volumes oxygen. As in the case of the solid 
metal s varies as \/F. 

Z. physik. Ch&m., 68, 115 (1909). 
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The liberation of oxygen from silver during solidification has been 
studied by N. P. Allen^® with the view of eliminating blow-holes in the 
cast metal. He has made some interesting calculations on the internal 
pressures developed in molten silver in consequence of oxygen liberation 
and in the reduction of CugO in molten copper by hydrogen. By apply- 
ing external pressure of sufficient magnitude, or by means of a deoxidant, 

I 



Fio. 21. Solubility of sulfur dioxide in molten copper at three temperatures plotted 
versus cube root of Pmm (Floe and Chipman). 

sound castings can be obtained. Allen has also observed that the melt- 
ing point of silver is lowered by oxygen in accordance with the equation 

«,„ = 961 - ( 2 ) 

where Un = melting point in degrees centigrade. 

The solubility of svlfur dioxide in molten copper has been a very inter- 
esting topic of investigation on account of both its technical importance 
and its theoretical significance. The earlier workers on this problem, 
A. Sieverts and W. Krumbhaar/^ and Sieverts and E. Bergner,^* con- 
cluded that the solubility varies as ‘'^P. 

” J. Ina. MOalt, 49, 317 (1932). 

pAystik. Cftem., T4, 296 (1910). 

” Z. phytik. Chem., 82, 257 (1913). 
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However, such a relation could not be reconciled with any logical 
interpretation. It is therefore of interest that the most recent work, 
carried out by C. F. Floe and J. Chipman,^® has cleared up the problem, 
in a very satisfactory manner. 

In pure molten copper, from which sulfur and oxygen are completely 
eliminated, s varies as In the presence of an excess of sulfur, s 

varies as "v/P, and in both cases the linear plots pass through the origin. 
Excess of oxygen decreases the solubility. Figure 21 shows plots of 
s (cm®/100 g) versus 

Assuming that when SO 2 passes into solution the reaction is 
6Cu (1) + SO 2 (ff) = CU 2 S (in Cu) + 2 CU 2 O 


there should exist an equilibrium constant 


that is, 


(CU2S)(CU20)2 

(Cu)®P(S02) 


./ (%s) X (%0)" 

P(S02) 
(%S02)® 

P(S02) ’ 


since the percentage concentrations of sulfur and oxygen are the same 
and proportional to s. 

The values of K* for Pmm (SO 2 ) derived by Floe and Chipman for the 
three temperatures at which observations were made are as follows: 


1100° C 1200° C 1300° C 

K' = 1.1- 10“^ 2.4 • 10-“ 4.4 • 10-® 


The observation that, for each temperature, the value of the constant 
K' exhibits a slight linear increase with pressure is interpreted by the 
investigators as due either to “deviations from the laws of dilute solu- 
tions or increased reaction with the fused-silica tube.” 

From the linear plot of log K' versus 1/T the conclusion is drawn that, 
for the reaction 

SO 2 (g) *= S (in Cu) -f 20 (in Cu), 

AF = increase in free energy 
= 30,700 -f 0.38r. 

That is, the heat of reaction is 30,700 cal per mole SO 2 . 

” Trans. A.I.M.E., 148, 287 (1941); 147, 28 (1942). 
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The solubility of oxygen and nitrogen in tantalum and the effect on 
the electrical resistance of the metal have been investigated in this 
laboratory by Mrs. M. R. Andrews, and the topic is discussed in Chapter 
10 in the section dealing with chemical clean-up. 

The solubility of oxygen and of “oxide gases, such as SO 2 , CO, C02> 
and H 2 O, in metals and the chemical reactions involved have been dis- 
cussed by H. Lepp in a series of papers.^^ In general, it can be stated 
that these gases react with metals in much the same manner as sulfur 
dioxide with copper, and at any temperature and pressure of gas an 
equilibrium state is established between oxidising gas, metal, oxide, 
and reduction product. 

For an adequate discussion of this topic we must therefore consider 
these reactions (as has been done in Chapter 12) from the thermody- 
namic point of view, that is, on the basis of free-energy data. 

10. DIFFUSION OF GASES THROUGH METALS 

As Steacie and Johnson have stated, 

The phenomena of absorption of gases by metals, and diffusion of gases through 
metals, must be fundamentally connected. It is virtually impossible to conceive of a 
mechanism for diffusion other than that of solution on the high-pressure side of the 
metal and subsequent giving up of the gas on the low-pressure side which is super- 
saturated. Apparently, then, solution must precede diffusion. This conclusion is 
substantiated by the fact that there is no known case of a gas diffusing through a 
metal in which it is not apparently soluble. 

It follows that, even where the solubility of a gas in a metal has not 
been determined, the fact that diffusion of this gas occurs through a 
certain metal is a valid reason for assuming that the gas is soluble to 
some extent in the metal. 

That diffusion occurs by a motion of the atoms (or protons in the case 
of hydrogen) along interstitial sites follows from the observation that 
the rate of diffusion follows the VP law, and also that the rare gases 
and polyatomic molecules do not diffuse (at least noticeably) through 
metals. That in general diffusion of gases occurs through the crystal 
lattice and not along grain boundaries was shown by an experiment 
reported by C. A. Edwards^® in which he found 

that no difference could be detected between the rate at which hydrogen diffused 
through a single crystal of iron, and through the same material after it had been 
recrystalUzed into a mass of small crystals. 

Evidently, rates of sorption and desorption of gases must depend on 

Mtua Ind., 47, (W36 ); !», 27, 69, 79, 103, 131 (1938). 

« Proc. Pay. Soc. Landm, A, 119, 642 (1926). 

Ttmt. AJMJS., 117, 13 (1936). 
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rates of diffusion of the gases through the metals, that is, on the nature 
of the concentration gradients at the two surfaces of the sample, and on 
the values of the diffusion constants. 

Let D = diffusion constant (cm^ • sec~*) and C = concentration at 
any point inside the metal, in cm^ (S.T.P.) per cm® metal. 

Then the amount (in atm • cm® or equivalent micron • liters) passing 
through the area A per unit time is given by the relation 


9 = 



( 1 ) 


where dCJdx is the concentration gradient at the point x. 

In the stationary stale this gradient is constant throughout the thick- 
ness, d, of the metal sheet. For C we can substitute the values of Vg 
(the volume of gas per volume of metal) at the high-pressure and low- 
pressure surfaces, and the last equation assumes the form 

9 = ^ (^1 - Vg2), (2) 


where, for a diatomic gas (such as H 2 , O 2 , N 2 , etc.), 


Vgt = KV Pnmi and Vg 2 = K\' P„„2, (3) 

and Pmmi and Pmm 2 denote the pressures at the two surfaces. 

Hence, equation 2 assumes the form 

9 = ^ - V^). (4) 

d 


For a cylindrical tube of length I, inside diameter a, and outside 


diameter b, 


q = DfK{VPmmi - V'P„„ 2 ), 

(5) 

where 


2vl 2.731 

(6) 

“ In (6/o) ~ log (6/a) 


= — for 2d < o {2d — b — o). 
d 

Since we shall consider diffusion through flat surfaces, and also assume 
VPmm 2 = 0, the equation for diffusion becomes 

q = DKjVP, 

where P is the pressure at the surface into which the gas penetrates. 


( 7 ) 
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At constant pressure the rate of diffusion increases exponentially 
with the temperature, and, from theoretical considerations, O. W. 
Richardson, J, Nicol, and T. PamelF^ derived the relation, 

q = qoVrr^'^, (8) 

where qo and 6o are constants for a given gas-metal system. 

As shown by Smithells, this equation can be replaced for all practical 
purposes by a relation which does not involve the V T factor, and f airing 
into account equation 7 it is possible to express the rate at which gas 
diffuses in atm • crn^ per cir? per sec by the relation 

( 9 ) 

where ko is a characteristic of the gas-metal system, which involves the 
two constants designated above by D and K. In the following discus- 
sion d is expressed in millimeters and P in millimeters of mercury 
In terms of micron • liters {Qy,i) at 0° C, per minute, 

Q„i = 760 X 60? = 46,600?. (10) 


The constant 6o is defined by the relation 


bo 


_ Ea 


( 11 ) 


where Eo = heat of diffusion in g-calories per mole, and Eo/2 * heat of 
diffusion in g-calories per g-atom. 

In terms of micron liters sA T = 298, 


Q„i' = 760 X 60 ? 



= l.OOlQ^i. 


( 12 ) 


For Pmm = 760, and d = 1 mm, 

q - koVme-^^; 


” PhU. Mag., 8, 1 (1904). 

These are the units used by Smithells, and q is identical with the quantity 
desigmttted D in his treatise. The constant is identi<^l with the constant design 
nated K by Smithells and also with the constant used by Barrer (RB, p. 168). 
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that is^ 

log ? = log + 1.4404 - ^ 

- log t. + 1.4404 - 
and 

log Qiii — niicron • liters (at 0® C) per cm®, per min, 
per mm thickness, at Pmm - 760 
= log ko + 6.0994 - B/T 
= C - B/T, 

where 

C = log ko + 6.0994] 

B = E 0 / 9 .U 8 i 


(13) 


^ 14 ) 


(15) 


Values of k and Eq are given for a number of gas-metal systems by 
Smithells.^® From these, values of C and B were calculated which are 
given in Table 34. These constants were then used to calculate values 
of t (®C) for which Q^i has values ranging from 0.1 to 100. In some 
cases, for which the value of t thus calculated would exceed that of 
fusion, values of t are given for lower values of Qp,i, which are indicated 
in parentheses following the value of t. The second column in the table 
gives the reference number for the source of the original data, as shown 
in the bibliography, List III, which follows: 


LM III. References on Rates of Diffusion qf Oases through Metals 

1. V. Lombard, Compt. rend., 177, 116 (1923). 

2. H. G. Doming and B. C. HencUokB, J. Am. Chem. Soc., 46 , 2857 (1923). 

3. W. R. Ham, J. Chem. Phys., 1 , 476 (1933); Phys. Rev., 46 , 741 (1934). 

4. G. Borelius and S. Lindblom, ilnn. Physik, 82 , 201 (1926-1927) ; G. Borelius, 
Ann. Physik, 83 , 121 (1927). 

5. C. J. Smithells and C. £. Ransley, Proc. R&y. Soc. London, A, 160, 172 (1935) ; 
168, 706 (1936). 

6. O. W. Richardson, J. Nicol, and T. Parnell, Phil. Mag., 8, 1 (1904). 

7. R. Jouan, J. phys. radium, 7, 101 (1936). 

7. R. M. Barrer, Trans. Faraday Soc., 36, 1235 (1940). 

9. V. Lombard and C. Eichner, Compt. rend., 194 , 1929 (1932) ; BuU. soc, chim. 
France, 68 , 1176 (1933); Compt. rend., 198 , 1998 (1933). 

10. £. 0. Braaten and G. F. Clark, Proc. Roy. Soe. London, A, 168, 504 (1935- 
1936). 

11. H. M. Ryder, Elec. J., 17, 161 (1920). 

CS, p. 95, Table 9; also by Smithells andC. E. Ranstey, Price. Boy, Soc. London, 
A, 160, 172 (1935), in Table V, p. 182, 
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12. F. M. G. Johnson and P. Larose, J. Am. Chem. Soc., 46, 1377 (1924) j 49, 312 
(1927). 

13. L. Spencer, J. Chem. Soc.^ 123, 2124 (1923). 


TABLE 34] 

Constants for Rates op Diffusion of Gases through Mbtaw and Values 

OF C FOR Qm * MICRON • LITERS (0® C) PER CM* PER MIN PER MM THICK|fE88 AT 

1 Atm Pressure 




■■■1 



0 

II 



Ref. 


B 






0.1 

1.0 

10. 

100. 





1 


Bn 


483 


1097 


2 


Ha 


479 


1221 

H2-Ni 

3 

4.1206 

2929 

299 

438 


■ 


4 

4.2456 

3017 

302 

438 




6 

4.2578 

2898 

278 





6 

4.2486 

4285 

544 

736 

1016 

1732 


3 

4.1713 

3936 

488 

671 

968 

1539 


7 

5.010 

4220 

429 

671 

779 

1130 

HrPd 

9,1 

5.783 

2318 

1 

128 

212 

340 

8 

4.8765 

2296 

mm 

229 

369 

618 

HrCu 

5 

3.4611 


541 

775 




3.2755 


734 

1042 

1041 (5) 


5 

3,3116 


214 

361 

735 

1029 (50) 

HrFe 

4 

3,3035 



349 

619 

1303 


11 

3.480 


264 

418 

697 

1352 

H 2 -AI 


6.723 

6735 

Qiti 

= 1.03- 10-» for 500° C 
- 1.02 -ir* for 600° C 

H 2 -M 0 

6 

4,0679 

4417 

698 

813 

1167 

1862 

N 2 -M 0 

5 

5.0185 

9837 

1362 

1687 

2174 

2444 (25) 

Nj-Fe 

11 

3.7526 

5204 

822 

1114 

1431 (5) 

CO-Fe 

11 

3.2133 

4066 

692 

993 

1344 (6) 


12 

4.413 

4941 

640 

846 



Oi-Ag 

13 

4.673 

4941 

698 

Tii 

940 (4) 


13 

6.121 

4941 

634 

692 

926(4) 


The values of t given in Table 34 were derived by means of the relation 


r « f + 273 


B : 

C - logQ^j 


(16) 
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In order to derive t for Q^i = 1.091 Q^i — rate in micron • liters at 
26» C, 


r = < + 273 


B 

C + 0.0380 - log Q^i ' 


(17) 


A table of selected values of the constants fe and 6o in equation 9 is 
shown in a publication by E. L. Jossem.*® This table also gives values 



Fig. 22. A constant, controllable arrangement for the diffusion of hydrogen 
through palladium. H * heater coil, Pd =* palladium tube, G = graded seal, and 

S = stopcock. (Jossem.) 

of q for the different gas-metal systems for T == 1200® K. Figure 22 
shows a simple arrangement, recommended in this paper, for introducing 
hydrogen through a heated palladium tube into a system. The rate of 
penetration is controlled by the temperature of operation of the tungsten 
winding H, 

The fact that hydrogen diffuses through palladium much more readily 
than through any other metal is utilized for the introduction of the pure 
gas into an evacuated system. Even at room temperature, the rate of 
diffusion may be fairly rapid, as has been observed by the writer, espe- 
cially if the palladium happens to be in a well-activated condition. 

The V P relation for rate of diffusion is valid, in general, only at higher 
pressures (around atmospheric pressure and higher). At low pressures 
the rate decreases below the value predicted by this relation, and Smith- 
ells and Ransley®^ have deduced a modification of the relation which is 
based on the view that diffusion must be preceded by adsorption on the 
surface. They state, 

Since at any instant diffusion can only occur through those parts of the surface which 
are covered by adsorbed gas, the effective area of the metal is Ad, where A is the total 
area of the surface and 0 the fraction of the surface covered. 

Rev, Sd, Instruments^ 11, 164 (1940). This contains ad^tional references to 
those given in List III above. 

List III, reference 5. 
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According to the Langmuir adsorption equation, 


where c is a constant for any particular gas-metal system. Hence, the 
rate of diffusion should be given, at constant temperature (and for 
d = 1 mm), by 



where 


k = 


(19) 


This conclusion has been confirmed by the observations made by 
Smithells and Ransley for a number of gas-metal systems, and also by 
Braaten and Clark.®^ Illustrations of the validity of equation 18 will 
be given in the subsequent discussion. 

There are two other sets of observations which are interpreted most 
satisfactorily by the adsorption theory. 


Nitrogen will diffuse [as Smithells and Ransley observe] through iron, chromium, 
and molybdenum, with which, under suitable conditions, it can form nitrides, but 
not through copper and nickel, towards which it is chemically inert. We are there- 
fore led to the conclusion that not only must adsorption occur as a preliminary to 
diffusion, but that activated adsorption with dissociation of the adsorbed molecules 
is necessary, and that purely physical adsorption with weak binding forces will not 
result in diffusion. This hypothesis explains the specific nature of diffusion. 


In these respects diffusion of gases through metals is thus of quite a 
different nature from diffusion of gases through glasses, quartz, and 
similar materials. In such materials, as observed in Chapter 8, the 
rate of diffusion varies linearly with the pressure, thus indicating that 
diffusion in these cases is a moleculaTj and not an atomic, process. 

The other set of observations which supports the adsorption theory 
includes those made on the effects of surface treatment. This is illus- 
trated by the data in Table 36, taken from the publication by Smithells 
and Ransley, which give the results of observations on the rate of 
diffusion of hydrogen through nickel and iron. They state: 


Etching ihe surface with acid had a far more marked effect, increasing the rate of 
diffusion by 10 times. The increased adsorption is also shown by the much larger 
value of c in equation 18 found for etched surfaces. 


List III, reference 10. 
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TABLE 35 

Effkct op Surface Treatment op Metals on Rate of Diffusion of Hydrogen 


Metal 

Treatment 

fC 

Pmm 


Nickel 

Polished 

750 

0.042 

1.39* 10-® 


Oxidized and reduced 

750 s 

.042 

2.70 


Polished 

750 

.091 

2.91 


Oxidized and reduced 

750 

.091 

4.23 

Iron 

Polished 

400 

.77 

0.47- 10-^ 


Etched 

400 

.77 

4.4 


Polished 

590 

.073 

1.28 


Oxidized and reduced at 600° C 

590 

.073 

0.76 


Oxidized and reduced at 800° C 

590 

.073 

1.54 


Such observations also probably account for the wide variation in the 
values of the diffusion constants and derived values of rates of diffusion 
in Table 34. 

While, in general, q (or Q^i) varies with the pressure in accordance 
with equation 18 above, the rate of diffusion may become independent 
of the pressure if a compound is formed between the gas and the metal. 
Smithells and Ransley have shown that at 900° C and higher tempera- 
tures the rate of diffusion of oxygen through nickel is practically con- 
stant at pressures above 0.25 mm, because the diffusion is limited by 
rate of formation of NiO. 

As will be observed from the data in Table 34, there is a very wide 
difference between the rates of diffusion obtained by at least two inves- 
tigators for hydrogen through palladium. Smithells^^ states that this 
metal “appears to be particularly affected by preliminary treatment, 
and its capricious behavior has been noted by a number of workers.” 

The rate of diffusion for hydrogen in palladium is considerably greater 
than that observed for other gas-metal systems. Figure 23, from the 
paper by Smithells and Ransley, shows plots of observations reported by 
Lombard, which illustrate the application of equation 18. . For the 
pressure in millimeters, c has the value 0.064 for 780° K and 0.01 for 
645° K. For Pmm = 400, the plots show g = 10 • lff“® at 780° K and 
g = 2.2 • 10“® at 645° K. (In Fig. 23 and subsequent figures, 10“g 
signifies that the unit of ordinates is KT" atm * cm® per cm® per sec per 
mm thickness. Also, in the equations for the plots, P = Pnvm-) 

The data plotted in Fig. 23 lead to the values C «= 6.783 and B — 2318, 
which are given in Table 34. On the other hand, the observations of 
Lombard and Eichner®^ lead to the values C 4.014 and B « 1063, 

»*C8,p. 113. 

** list III, reference 9. 
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and the constants given by Smithells and Ransley lead to the values 
C = 4.712 and B = 918. For a so called “inactive^^ palladium, Barrer®® 
deduced constants which correspond to C = 4.577 and B = 2296. 
Table 36 gives values of for a series of temperatures as derived by 
means of these four sets of values of C and B. 



0 5 10 15 20 25 30 

VF" 

»*fnin 


Fio. 23. Rate of diffusion {q) of hydrogen through palladium plotted Versus VPwm, 
illustrating application of equation 18. In the equations for each plot, P corresponds 
to Pmm* (Smithells and Ransley.) 


TABLE 36 

Values of Qm for H2-Pd System 



C -4.712 

C -4.104 

C - 6.783 

C = 4,677 

T 

B -918 

B - 1063 

B -2318 

B - 2296 

600 

1621 

216 

83 

6 

700 

2518 

386 

2»4 

20 

800 

3664 

697 

767 

61 

900 

4920 

838 

1611 

106 • 

1000 

6223 

1100 

2017 

191 


list IIL reference 8. 
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Figure 24 gives a plot of observations made by Smithells and Ransley 
on the diffusion of hydrogen through copper at 723° K. These observa- 
tions are satisfactorily represented by equation 18 with the value 
c — 0.1 As shown in Table 34 the rates of diffusion observed 

in this investigation are much higher than those observed by Braaten 
and Clark. ' 



Fio. 24. Rate of diffusion (q) of hydrogen through copper plotted versus V Pmm^ 
In the equation for the plot, P corresponds to Pmm- (Smithells and Ransley.) 


Plots drawn by Smithells and Ransley of observations made by 
Borelius and Lindblom, on the diffusion of hydrogen through iron, at 
571° K and 633° K, are shown in Fig. 25, while Fig. 26 shows similar, 
plots for 805° K and 975° K. Evidently all the plots are in agreement 
with equation 18, with the value of c increasing with increase in T from 
0.01 mm-i at 571° K to 0.1 mm"* at 975° K. 

. The effect of surface treatment on the diffusion of hydrogen through 
aluminum has been investigated by Smithells and Ransley. It was 
found that, by means of a special treatment for removal of the oxide 
film, the rate of diffusion could be increased about sixfold. But gradual 
poisoning of the surface by oxygen then caused the rate to decrease 
gradually. The constants in Table 34 were deduced from the plot for 
558° C shown in Fig. 27.*® 

Finally, it is interesting to compare the rates of diffusion of gases 
*• Proc. Roy. Soc. London, A, 162. 706 (1936). 





Fig. 26 . Rate o f diffu sion (q) of hyclrogen through iron, at higher temperatures, 
plotted versus la the equation for the two plots, P corresponds to Pmm> 

(Borelius and Lindblom.) 
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throu^ quartz with those observed for metals. A comparison of the 
data in Table 8.33 and those in Table 34 (allowing for the difference in 
the definition of Q^i) shows that for hydrogen or nitrogen, at 1 atm, 
the rate of diffusion, for the same temperature and value of d, is much 
higher through metals than through quartz. 



Fig. 27. Rate of diffusion (q) of hydrogen through aluminum at 568° C plotted 
versus VPmm (Smithells and Ransley). 


11, RATES OF SORPTION AND DESORPTION. CALCULATION OF 
DIFFUSION CONSTANTS 

The rates at which these processes occur will, in general, depend upon 
rates of diffusion of gases into or out of plates or wires of metals in which 
the gases are soluble. These rates may therefore be deduced as par- 
ticular solutions of Pick’s law, which for diffusion in one direction is of 
the form*^ 


dt 



( 1 ) 


where C denotes the concentration (in grams per cubic centimeter) at 
time t, at a point distant x from the origin, and D is the diffusion con- 
stant in cm® • sec"*. 


Solutions of this equation and that for diffusion in a wire are discussed by 
Barrer (RB, Chapter 1), and in a number of mathematical treatises on Fourier’s 
series and Bessel functions. 
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This equation is applicable, for instance, to the desorption of gas from 
a thin plate. Let 2a denote the thickness of a sheet of metal for which 
the width and length are each very large compared to 2a. 

Let Co denote the concentration of dissolved gas, uniform throughout 
the range x = 0 to x = 2a, at ^ = 0. Then the fraction, /, of the total 
gas content which has diffused to the two surfaces at any time, is given 
by the relation 


/= 1 






( 2 ) 


where 


z 


Dt 

4 * 


From this equation, it follows that plots of / versus t/a^ should be sim- 
ilar for different samples, independently of the value of D. This con- 
clusion, we shall find, is valid for all cases of diffusion. 

In connection with the determination of oxygen in steel by the Ledebur 
method (see the following section), T. E. Brower, B. M. Larsen, and 
W. E. Shenk®® used a very thin ribbon of the metal, crumpled up and 
packed into an Invar metal container. Hydrogen was passed over the 
metal heated to 1100° C, and the H 2 O formed as a result of the diffusion 
outward of the dissolved oxygen was collected and weighed. 

As is evident, the series in the parentheses in equation 2 converges 
rapidly. This is seen from the following values: 


z : 0.20 0.25 


0.30 


Dt/a^: 


.8187 

.0225 

.0811 


.7788 

.0150 

.1014 


.7408 

.0102 

.1216 


For values of Dtla^> 0.0892, the segond term in parentheses in 
equation 2 is less than 2 per cent of the first term. Hence, to a first ap- 
proximation, equation 2 can be written in the form 


log (1 - /) 



TT^ Dt 
4 X 2.303 * ^ ’ 


(3) 


That is, imder these conditions a plot of log (1 — /) versus t/a^ be- 
comes linear, with a slope 

Alog(l -/) ^ 

A(</o*) “ 9.212’ 

from which the value of D may be deduced. 

*• Trtmt. A.I.M.E., IIS, 61 (1934). 


( 4 ) 
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By application of this method, the value deduced for the coefficient of 
diffusion of oxygen in steel at 1 100® C was D = 1 • 10“® cm® • sec~*, 
which appears reasonable when compared with the value D = 7.5 • ICT*® 
cm • sec~^ deduced by other investigators for 1000° C. 

The preceding remarks may be illustrated by the following example. 
Let a = 10~® cm ( = 4 • 10~® in.). Then, for D = 1. • 10^® cm® • sec~*, 
and Z)</a® = 0.0811, t = 2.25 hours, and / = 0.321. To degas the 
plate to 10 per cent of its initial gas content (/ = 0.90), the time required 
would be about 23.6 hours. 

For the case in which the concentration gradient is uniform over a 
film of thickness I, equation 1 assumes the simple form 

dC D(Co - C) 
dt I 

= k(Co - C). (5) 

This relation for rate of absorption (and a similar one for rate of desorp- 
tion) is observed quite frequently. Assuming that the different gases 
are adsorbed to the same extent on the surface of the metal, the values 
observed for k are in the same ratio as those of D. 

J. A. M. van Liempt®® has used a relation for calculating values of D 
from rates of degassing, which for a metal plate of width very large 
compared with the thickness 2o, has the form 



where y = — ■= ; the integral is the “error function”; Co = initial 
2VDt 

concentration of gas, uniform^ throughout the thickness; and C = con- 
centration at distance x from the central plane, at time t. 

Equation 6 is identical with that deduced for the rate of diffusion of 
gas into a semi-infinite solid for the condition C = Co at the boundary 
(x = 0) for all values of t, and the initial condition C = 0 for all values 
of X > 0. 

A discussion of the rather involved method used by van Liempt in 
applying this relation to rates of degassing is given by Barrer.®® 

It is of interest to note that from equation 6 it may be deduced that 
the rate at which gas diffuses into the solid, per unit area of surface, is 

** Rec. travaux ehim., 67, 871 (1938). 

»® RB, pp. 215-217. 
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dt 



(7) 


and hence, the total amount which has diffused into the solid per unit area 
of surface at time t is 


Q 



( 8 ) 


For the sorption and desorption of gas in the case of a wire heated by 
the passage of current, where diffusion is radial^ equation 1 is replaced 
by the equation 


dt r dr\dr/ 


(9) 


The solution of this equation, as applied to the rate of degassing of a 
wire of radius r, has been given by G. Euringer.®^ 

For large values of Dt/r^ (D in cm^ • sec”*, t in sec, and r in cm), the 
solution has the form 


I r* 1 ^CoZ) 

log G = log 

r 


2MQDt 


( 10 ) 


where G = rate of evolution of gas in atm • cm** per cm^ per sec, and 
Co = initial concentration of gas in cm® (S.T.P.) per cm® (that is, 
Co = Vg for t = 0). 

Since it may be assumed that, at constant temperature, Z) is a con- 
stant, it follows from the last equation that a plot of log G versus t 
should yield a straight line (at least for sufficiently large values of t), 
the slope of which is given by — 2.519Z)/r®. Such a plot, obtained by 
Smithells and Ransley,®® is shown in Fig. 28. This is a plot of the 
natural logarithm of G versus t {G = rate of evolution of carbon mon- 
oxide) during the degassing of a nickel wire 1 mm in diameter at 950° C. 

The absolute values of D for carbon monoxide in nickel thus derived 
were 

D = 4.0 • 10”® cm® • sec”* at 950° C 
* 14.0 • KT® cm® • sec”* at 1060° C. 


The same investigators obtained, for the iate of diffusion of carbon 
Z. Phyeik, 08, 37 (1936). 

Proc. Boy. Soc. London, A, 166, 195 (1936), Fig. 4. 
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monoxide through nickel at 900° C and 1 mm pressure, the average value 
qi «» 2.05 • 10~^° cm® (S.T.P.) per sec per cm® per mm thickness. From 
the values given in Table 34 for the constants C and B (C = 4.2578, 
B = 2898 for Ha-Ni; C = 3.2133, B = 4066 for CO-Fe) we derive the 
following values for t = 900° C: 

CO-Fe, qi = 4.45 • 10“^ ' 

Ha-Ni, = 4.87 • lOr®. 



01234 567 89 10 11 


Time of degassing in hours 

Fio. 28. Plot of natural log of rate of degassing versus time in hours. The full 
line shows the theoretical curve; the linear portion of the plot follows the relation 
log G ^ A — Bt, where G denotes the rate of evolution of carbon monoxide from a 
nickel wire at 950° C. (SmithClls and Ransley.) 

The value of qi for carbon monoxide in nickel is thus considerably 
smaller than those for carbon monoxide in iron and hydrogen in nickel. 
From a comilarison of this value for carbon monoxide in nickel with the 
rate of evolution of carbon monoxide corresponding to the values of G 
observed by them, Smithells and Ransley concluded that the gas could 
not be present in the nickel as carbon monoxide. 

“The most reasonable explanation,” according to them, “of the 
desorption of carbon monoxide from nickel is derived from a reaction 
between dissolved oxygen and carbon, probably present in the metal as 
nickel oxide and nickel carbide.” This explanation was confirmed by 
determinations of rates of diffusion of oxygen and carbon through 
nickel. Table 37 gives the values of D (cm® • sec“‘) obteined for these 
elements in nickel by Smithells and Ransley, and, for comparison, 
values obtained for steel by a group of English investigators. 
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TABLE 37 

Valots or DiFFtrsioN Constants foe Carbon and Oxyqbn in Nickel and Steel 


Metal 

fC 

lO^D for Carbon 

10^®Z) for Oxygen 

Nickel 

900 

1.8 

1.5 


950 

3.7 

6.8 


1000 

7.2 

23.6 


1050 

13.3 

78.0 

Steel 

900 

3.8 

— 


950 

8.7 

— 


1000 

20.0 

7.5 


At saturation, nickel contains about 1.1 per cent (by weight) NiO 
and 0.4 per cent carbon. These were the values of Co used in calculating 
the above values of D. 

As Smithells and Ransley point out, “Commercial nickel always con- 
tains a small percentage of carbon, usually of the order of 0.03 per cent, 
which is much in excess of that required to account for the carbon 
monoxide desorbed.” 

From observations on the rate of evolution of hydrogen from a nickel 
wire, Euringer*^ obtained the following values of D (cm* • sec~^) for the 
system Ha-Ni: 

t°C: 165 125 85 

10*D: 10.5 3.4 0.86 

These results can be represented by the relation 
D = 2.04 • ior3«-87oo/ftor 

Barrer®* has quoted the following results, obtained by A. Bramley 
and his associates, on the diffusion of nitrogen in steel: 

t‘’C: 800 850 900 950 1000 1050 ' 1100 

10«D: 1.2 3.0 6.0 10.8 13.6 25.0 40.0 

These results are in agreement with the relation 
Z) 1.07 • 

Thus the values of D for any gas-metal system can be represented as a 
function of 7* by a relation similar to that used for q (or Q^i) above, that 
is, by a relation of the form 

( 11 ) 

•*Loc.cit. 

»^RB,p. 224. 
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Table 38 gives values of B' derived from the values of D given in 
Table 37 and, for comparison, the values of B given in Table 34. The 
values for N 2 -M 0 and N 2 -W were deduced by F. J. Norton and A. L. 
Marshall®^ from observations on the rate of gas evolution from samples 
which had been saturated previously with nitrogen. 

That the values of B' need not necessarily agree with those of B follows 
from the fact that according to equation 10.1 the variation with tem- 
perature of q includes the variations of both D and C. 

TABLE 38 

Values of B* for Diffusion Constants Compared with Those of B for 

Permeability 


System 

B' 

B (Table 34) 

H2-Ni 

1,900 

2898-3371 

CO-Ni 

8,100 


C-Ni 

8,950 


02-Ni 

17,150 


N 2 -Fe 

7,430 

5204 

N 2 -M 0 

5,816 

9837 

N 2 -W 

11,040 



12. EARLIER INVESTIGATIONS ON DEGASSING OF METALS 

In the preceding sections it has been shown that gases are adsorbed 
on the surface and are also present in the interior of metal parts either in 
a state of solution or in the form of chemical compounds. Gases may 
also be present in microscopic blow-holes or pores. The surface of 
certain metals, especially copper and iron, may be covered with a film 
of oxide which has a thickness varying from 10~^ to 10~® cm. 

If such metal parts are not previously degassed they will gradually 
evolve gas in an evacuated volume, especially if they are heated to even 
a slight extent, because of increased rate of diffusion from the inside 
towards the surface. Consequently, one of the most important problems 
in vacuum technique is the elimination of all sorbed gases from metal 
parts. 

As will be pointed out at greater length in a subsequent chapter, 
metal parts may be preheated in pure, dry hydrogen whenever the nature 
of the metal permits it. A preliminary heating in vacuum by means of 
high frequency is extremely worth while, since, after such a treatment, 
metals may be stored for at least a few days in a dry atmosphere at 

Trane, Am. Inst. Met. Eng.f 166, 351 (1944). 
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100° C to 200° C without reabsorption of more than an almost negligible 
amount of gas.®® 

The literature on the amount and composition of the gases which are 
evolved from metals when degassed in vacuum at higher temperatures, 
is very extensive. In this section and those that follow only the more 
important investigations can be reviewed.®^ 

In connection with his investigations on the causes of blackening of 
evacuated tungsten-filament lamps, Langmuir developed a method for 
analyzing the small amounts of gas contained in metals and glass.®® 
He observed®® that, when care is taken to denude the glass walls of 
occluded water vapor and carbon dioxide, the amount of gas evolved 
from a tungsten filament does not exceed ten times the volume of the 
metal. Most of the gas is eliminated at a temperature of 1500° C, and 
it consists of about 70 to 80 per cent by volume of carbon monoxide, 
the remainder being mostly hydrogen and carbon dioxide. 

During the course of this investigation the amounts and composition 
of the gases evolved from other metals used in the construction of 
incandescent-filament lamps were determined. The metals were in the 
form of filaments having a total volume of about 30 cu mm, so that they 
could be heated by passing current through them. Different samples of 
so-called ^‘untreated^^ nickel wires gave off amounts of gas varying from 
5 to 15 cu mm (S.T.P,), consisting of about 75 to 90 per cent carbon 
monoxide and 20 to 10 per cent carbon dioxide with small amounts 
of hydrogen. Similar filaments of Monel metal, copper and* copper- 
coated nickel-iron alloy (used for leads in lead-glass stems) evolved 
amounts of gas varying from 3 to 20 cu mm of gas. The composition of 
the gas was found to be about the same as that evolved from nickel wires. 
It will be observed that in all these cases the volume of gas did not 
exceed that of the metal, but, since 1 cu mm (S.T.P.) corresponds to 
about 0.83 micron • liter at room temperature, it is evidently important 
to eliminate this gas before sealing off an evacuated device containing 
parts made of these metals. 

H. M. Ryder,^®® by a modification of Langmuir's method of analysis, 
determined the nature and composition of the gases evolved on heating 
untreated commercial copper in vacuum. It was observed that the 
gases removed, in order of decreasing amounts, were carbon dioxide, 

•• See subsequent remarks in this section. 

The following remarks are taken from the writer^s review of this topic in /. 
Franklin InsL, 211, pp. 728-736 (1931). 

J, Am. Chem. Soc., 36, 105 (1912). Also see section 17 in this chapter. 

•• Trorw. Am. Inst. Elec. Eng., 82, 1921 (1913). 

J. Am. Chem. Soc., 40, 1656 (1918); J. FrMklin Inst., 187, 508 (1919). 
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carbon monoxide, water vapor, and nitrogen. The total amount of gas 
evolved at temperatures below 760“ C was about 0.153 cm® per cm® of 
metal. 

The gases in steel were investigated by G. Alleman and C. J. Dar- 
lington.*®* Some typical results obtained in this work are shown in 
Table 39. \ 


TABLE 39 

Amount and Composition of Gas Evolved from Steel 


Volume of Gas 
per Gram 
of Metal, cm* 

Volume of Gas 
per cm* 
of Metal, cm* 

Maximum 

Temperature, 

Composition of Gas in 
Volume Per Cent 

CO 2 

0* 

CO 

Hs 

N 2 

(1) 25.2 

197 

1468 

0.13 

2.08 

59.8 

18.18 

19.81 

(2) 18.6 

146 

1500 

1.20 

0 

79.8 

11.65 

7.35 

(3) 8.6 

67 

1100 

0.68 

1.57 

26.15 

43.40 

28.20 


The analyses of the three metal samples were as follows: 


Sample 

(1) and (2) 

(3) 

Per cent carbon 

1.049 

0.084 

Per cent silicon 

0.153 

.005 

Per cent phosphorus 

.045 

.094 

Per cent sulfur 

.028 

.082 

Per cent manganese 

.405 

.536 


Table 40 shows results of an analysis of the gases obtained from a 
Bessemer steel (0.1 per cent carbon) at different temperatures. The 
total amount of gas evolved was 28.1 cm® per gram or 220 cm® per cm® 
of metal. 

It will be observed that the hydrogen and carbon dioxide were evolved 
at 1250“ C and lower, whereas the removal of nitrogen and oxygen 
required much higher temperatures. At the highest temperatures 
the metals were in a fused condition. Another interesting feature of 
these results is the relatively large total volume of gas evolved as 
compared with the results for tungsten, nickel, and copper already 
mentioned, 

By 1929 the large-scale production of vacuum-fused metals had 
attained considerable importance, especially in Germany, and a paper 

101 J, Franklin Inst., 180, 161, 333, 461 (1918). This paper conttuns a compre- 
hensive review of previous investigations on gases in ferrous alloys. 
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TABLE 40 

CoMPostTioN IN Volume Per Cent or Gas Evolved from Bessemer Steel at 
A Series of Temperatures 


Gas 

At 1000® C 

At 1250® C 

At 1500® C 

At 1675® C 

CO 2 

1.08 

0.62 

0.00 

0,00 

O 2 

2.4 

3.07 

4.28 

6.25 

CO 

48.9 

56.10 

18.75 

8.42 

H 2 

21.16 

15.08 

4.20 

1.10 

Ns 

26.46 

25.13 

72.77 

84.23 


by W. Rohn*”® deals with the technique and properties of vacuum-fused 
metals. According to this paper, the volume of gas obtained in this 
process is about 16 to 120 times that of the metal. The gas consists 
mostly of hydrogen and carbon monoxide and is ascribed to chemical 
reactions which have not been completed during reduction of the oxide 
and proceed to completion during the process of vacuum fusion. Thus 
carbon monoxide and dioxide are due to a reaction between carbon in 
the metal and residual oxides, while hydrogen is due to reaction between 
water vapor and the metals. (We shall find that this explanation of the 
origin of these gases is confirmed by many investigators.) 

Rohn’s observations on a chrome-nickel alloy showed that most of 
the gas is evolved after the metal is fused, and that this gas contains a 
relatively large proportion of carbon monoxide with smaller percentages 
of nitrogen, oxygen, and hydrogen. However, most of the hydrogen is 
evolved at temperatures below 1000° C. 

As Rohn has pointed out, metals and alloys fused in vacuum are 
softer and more ductile than the same materials fused in air. For 
instance, copper containing a small amount of CU 2 O, does not exhibit 
embrittlement after fusion in vacuum, and furthermore the electrical 
conductivity is higher (by about 1 or 2 per cent) than that of ordinary 
commercial copper. 

Naturally, the problem of developing a technique for the fusion of 
metab in vacuum and subsequent analysis of the gas evolved has 
received considerable attention. Some of the laboratory methods 
which have been developed during recent years will be described in a 
subsequent section. In a comprehensive review of the methods used 
previously, W. Hessenbruch*®* has also given -data on the amount and 
composition of gases evolved from heated samples of different metals. 
Tables 41 and 42 show results observed for copper and nickel, respec- 
tively. 

Z. MetaUkunde, ftl, 12 ( 1929 ). 

Z. MOaUkunde, 21 , 46 ( 1929 ). 
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TABLE 41 

Amount and Composition of Gas in Copper Treated at 1250° C 



Volume of Gas 
per 100 g 
Metal, cm* 

Volume of Gas 
per cm* 
Metal, cm* 

Composition of Gas in 
Volume Per Cent 

Sample 

SO 2 

^H2 

CO 

Nj 

Refined Cu (1) 

2.72 

0.24 

58.2 

7.90 

19.50 

14.40 

Refined Cu (2) 

1.46 

0.13 

85.7 

7.43 


6.87 

Refined Cu (3) 

1.79 

0.16 

33.9 

28.55 

37.55 


Refined Cu (4) 

0.73 

0.07 

61.1 

11.11 

22.22 

5.57 

Electrolytic Cu 

7.97 

0.71 

10.9 

39.52 

49.70 




TABLE 42 





Amount 

AND Composition 

OF Gas in Nickel Treated 

AT 1470° C 



Volume of Gas 
per 100 g 
Metal, cm* 

Volume of Gas 
per cm* 
Metal, cm* 

Composition of Gas in 
Volume Per Cent 

Sample 

CO 2 

CO 

H 2 

Nj 

Cube Ni 

482 

42.9 

2.30 

90.0 

3.50 

4.20 

'^Mond’^ Ni 

113 

10.1 

2.92 

72.4 

24.70 


Electrolytic Ni 

7.88 

0.7 

0.00 

21.1 

78.9 



The SO 2 obtained in the case of copper is evidently due to the reaction 
CU 2 S + 2 CU 2 O = SO 2 + 6Cu, 

which has been discussed in Section 9 in connection with the determina- 
tions of the solubility of SO 2 in molten copper. 

In the case of electrolytic nickel, the large amount of hydrogen must 
be due to gas occluded by the metal during deposition. 

Tables 43 and 44, taken from the same source as the previous two 
tables, show results obtained on samples of commercial aluminum 
evacuated at 1200® C and iron evacuated at 1550® C (both metals 
being in the fused condition). The analysis of the metal gives per- 
centage by weight of the different constituents. The total volume of 
gas in cm^/100 cm^ and in cm^/kg, in Table 44, were derived by means 
of the conversion factors in Table 45. 

A. Villachon and G. Chaudron'®^ investigated the evolution of gases 
from metals in a vacuum furnace in which the pressure could be main- 
tained at 0.02 mm at about 1700® C and at 0,002 mm at 1000® C. The 
fusion was carried out in magnesite crucibles. Then the samples were 
rolled to thin sheets, the nickel sheets being heated in quartz tubes to 

See also the remarks by E. H. Schulz, Z. MetaUkunde^ 21 , 7 (1929). 

^^^Rev. Mit. 27, 368 (1930). 



Amount and Composition of Gas in Aluminum Evacuated at 1200® C 


Sbc. 12] INVE 


629 



Eteetro^c 0.02 0.02 0.02 0.0028 211.6 166.5 0.010 0.0010 0.0037 
Aimco .02 — .05 — 540.4 425.3 .062 . 0007 .0035 
Swedish .04 — — — 1221.6 961.6 .162 .0012 . 0029 
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TABLE 46 


Conversion Factors for Gas Analysis 


10 Per Cent by Weight 

« cm^/kg 

= cm*/100 cm® Fe 

Hydrogen 

11,200 

8,863.0 

Oxygen 

700 

663.4 

Nitrogen 

800 

^ 632.4 

Carbon monoxide 

800 

632.4 

Carbon dioxide 

609 

402.4 


800® C and the copper sheets and iron sheets being heated in Pyrex 
tubes to 600® C. The gas evolved was found to be composed of hydrogen 
and carbon monoxide, and the total amount was approximately equal 
in volume to that of the metal This would correspond to about 11 cm^ 
per 100 g of metal. 

The oxide film on the surface of aluminum hinders the elimination of 
gas, and Chaudron^^® used an electric discharge to clean the surface. 
The surface was malde the cathode in a high-voltage (130 kv) low current 
discharge (of a few milliamperes). The improvement obtained in re- 
moval of gas was certainly remarkable. Whereas, by heating the 
molten metal in a pressure of 10 microns, 20.0 cm^ gas was obtained per 
100 g of metal, as much as 192 cm^ per 100 g aluminum was extracted 
by use of the gas discharge. 

For many purposes, »a knowledge of the exact composition of the gas 
is not nearly as important as information about the total volume that 
can be removed by heating to a temperature just below fusion. On the 
basis of such data it is possible to compare the results obtained by differ- 
ent procedures for the preliminary treatment of metal parts. In order 
to obtain such data, Mrs. M. R. Andrews,'^^ working in this laboratory, 
developed the arrangement shown diagrammatically in Fig. 29. 

Samples of the metals to be investigated were heated in a molybdenum 
cup (Af) contained in a 7-in. bulb. . The evolved gases were removed by 
means of a mercury pump into a reservoir to which was connected a 
McLeod gauge. Thus the tbtal amount of gas could be measured. By 
means of a liquid-air trap below the reservoir a determination could also 
he made of the amount of gas not condensible at about ~ 190® C, which 
includes hydrogen, nitrogen, and carbon monoxide, while the condensible 
gas was mostly carbon dioxide. 

The procedure adopted for making an analysis consisted in placing the 
sample in the tube B. The whole system was baked at 4^® C for 1 
hour, and the molybdenum cup was heated with the hi^ frequency to 

Aluminum, 19 , 694 (1937); O. Kubaschewski, Elektrochem,, 44 , 162 (1938). 

/. Franklin Inst., 211 , 689 (1931). 
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degas it. The sample was then shaken into the cup by tapping the tube 
B gently, and the reservoir for collecting evolved gas was closed off from 
the final pump. The high frequency was 
applied again, the temperature of the cup 
being determined by an optical pyrometer, 
and the heating continued until the gas 
evolution had become ne^igible at the 
maximum temperature. 

The molybdenum cup was fastened on 
a pivot so that it could be emptied after 
the gas determination. The mica shield 
was inserted to prevent cracking of the 
seal. In this manner several samples 
could be inserted in tube B and a gas de- 
termination made on each, without opening 
the connection to the evacuating system. 

Table 46 shows some typical results ob- 
tained by this method. Since the densi- 
ties of both copper and nickel are ap- 



proximately the same (8.9), 100 cm^ per 


Fig. 29. Arrangement for heat- 
ing up samples in molybdenum 
cup for determination of gases 
evolved from metals (Andrews). 


kg metal corresponds to 0.89 volume of 
gas per volume of metal. Thus the data 
show that the volume of gas rarely 
exceeded that of the metal and by treatment at high temperature in 
vacuum the gas content could be reduced to less than 10 per cent of the 
volume of the metal. 

An interesting point observed during this investigation, which was 
confirmed during the course of the work described in the next section, 
was that vacuum-fired samples exposed to a dry atmosphere take up 
extremely small amounts of gas unless touched with the fingers. 

The effect of grease on the surface of samples to be tested for gas 
content has been emphasized by K. Steinhauser.^®® He has shown that 
insufficient care in removing grease from the surface of aluminum leads 
to erratic results in the subsequent determinations of gases evolved on 
heating the samples in vacuum. The procedure recommended for pre- 
liminary treatment is as follows: After the samples are cleaned with a 
suitable volatile solvent (ether, alcohol, or benzene) they are heated to 
350^ C in a gas flame. Samples of aluminum treated in this manner, 
then heated to 1050® C in vacuum and allowed to solidify in vacuum, 
evolved consistently about 0.5 cm^ per 100 g of metal (1.35 cm^ per 


Z. MetaUkuruk, 26, 136 (im). 
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TABLE 46 

Amoxtnts op Non-Condensible and Condensible Gas Evolved by Heating 
Samples op Metals in Vacuum 



N on-Condensible 

Condensible 

Material 

Gas in cm*/kg 

Gas in cm*/kg 

Ni wire, 0.030 in., H 2 -annealed 

49.0^ 

3.1 


76.0 

3.9 

Ni strip, 8 mil 

60.2 

8.2 

Ni strip, vacuum-treated (1 hr @ 1000° C) 

40.5 

5.5 

Mo sheet 

62.9 

8.3 

Mo sheet, treated in H 2 (15 min @ 1150° C) 

10.8 

4.0 

Mo sheet, heated in vacuum (1 hr @ 1050° C) 

9.8 

3.7 

Ni, Hrannealed, diamond drawn 

96.0 

6.5 

Cu, pure, deoxidized 

12.1 

2.5 


6.3 

2.1 


2.5 

1.6 

Cu, heated to 1600° C in vacuum 

22.0 

— 


6.3 

3.6 

Cu, boiled in vacuum in Mo cup 

5.4 

3.3 


100 cm^ aluminum). The gas was composed of about 70 per cent 
by volume hydrogen and 30 per cent methane. (Since methane could 
have come only from carbon introduced during the heating in a gas 
flame, the question arises whether even better results could not have 
been obtained by heating the samples to about 400° C in dry nitrogen.) 

In this laboratory, A. L. Marshall^®® obtained the data for copper 
shown in Table 47. The ^^surface gas” corresponds to that evolved 
at temperatures of 1000° C and lower; the major portion of the ‘‘interior 
gas” was evolved during volatilization of the metal. The gas evolved 
consisted largely of carbon monoxide with smaller amounts of hydrogen 
and carbon dioxide, except in the case of electrolytic copper where most 
of the surface gas was found to consist of hydrogen. 

TABLE 47 

Volume of Gas Evolved prom Copper Heated in Vacuum 

Volume of Gas, cm*/100 cm* Total Volume 


Nature of Sample 

Surface Gas 

Interior Gas 

cm*/kg 

1. Electrolytic 

0.61 

7.1 

8.67 

2. Commercial 

.67 

4.0 

6.22 

3. Vacuum-fused 

.91 

3.68 

6.13 

4. Vacuum-fused 

.69 

6.2 

6.68 


Reported by the writer, J. Franklin Inst., 211, 736 (1931). 
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A summary of the range of values, obtained in the different investiga- 
tions reviewed in this section, for the amount of gas evolved, is given in 
Table 48. The results on steel given in Table 39 are omitted from this 
summary since they are obviously very much higher than any values 
obtained subsequently. 


TABLE 48 


Summary op Gas-Evolution Data 


Table 

Metal 

Cm* per kg Metal 

Cm* per 100 cm* Metal 

41 

Copper 

7--80 

6-72 

42 

Nickel 

79-4800 

70-4300 

43 

Aluminum 

40-172 

11-46 

44 

Iron 

11-110 

9-87 

46 

Nickel 

46-102 

41-92 

46 

Copper 

4-22 

3.6-20 


The conclusion that can be drawn from this summary is that the total 
volume of gas evolved rarely exceeds that of the metal. 

18. INVESTIGATION ON DEGASSING OF METALS BY NORTON 
AND MARSHALL 

A very comprehensive series of determinations of the amounts 
and composition of the gases evolved from molybdenum, tungsten, 
iron, nickel, and graphite .was carried out by F. J. Norton and 
A. L. Marshall.'^'' 

The analytical method used, which is described fully in the original 
paper, was a modification of the methods used by Langmuir and 
Ryder.^^^ Because of their importance in vacuum-tube technique, the 
results obtained are reviewed in the following sections at some length. 

Degassing of Molybdenum. The samples, thoroughly cleaned by a 
chemical procedure described in the paper, were heated to successively 
higher temperatures and the gas evolved at each'stage was collected and 
analyzed. The following quotation from the original paper describes 
the initial observations. 

Hydrogen comes dS most readily at the lower temperatures, as Alleman and 
Darlington^'* found with ferrous alloys. The amount of this is relatively small. 

The next gas to appear is carbon mono.xide, which comes off readily at 1000° C 
and lower. It persists, in small amounts, to the higher temperatures. 

Trona. Am. Inst. Mining Met. Engrs., 166, 351 (1944). 

See section 17 for description of this method. 

"* Loc. af., footnote 101. 
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Nitrogen is more diflBcult to remove and requires a temperature of 1200° and up 
before it comes off. 

In view of these observations, all subsequent degassing experiments 
were carried out at 1760° C. The total volume of gas evolved varied 
from 0.86 to 8.2 cm® (S.T.P.) per kg. The composition of the gas 
showed the following variations in percentage by Volume: 

Ns: 22-98 (most frequently, over 60 per cent) 

CO: 0-76 (most frequently, 15-36 per cent) 

COs: 0-9 (most frequently, 3-6 per cent) 

Hs: 0-17 (most frequently, 0 per cent) 

The volume and composition of the gas evolved were found to be 
affected by^^the method of cleaning in the preparation of the sample for 
vacuum treatment. According to the authors. 

One of the most striking things found in this investigation of molybdenum was 
that a sample once degassed stays degassed, if proper precautions are taken. The 
most important requirement is to avoid handling the sample. ... If precautions are 
taken, and the sample is handled with tweezers and kept wrapped in condenser paper, 
the surface contamination is reduced to a minimum. 

Degassed samples were exposed to air and then degassed again. 
The volume of gas obtained in that case was found to correspond to an 
approximately unimolecular layer (physically adsorbed). This obser- 
vation on the effect of storing degassed samples, which, as mentioned 
previously, was also observed by Mrs. Andrews, is evidently of extreme 
importance in high-vacuum technique, where it is frequently necessary 
or convenient to degas metal parts in one operation and then store them 
for subsequent use. 

Another series of experiments showed that “samples of moybdenum 
fired in a tube hydrogen furnace at atmospheric pressure and 2000° C 
gave off less gas on subsequent degassing than was present in unfired 
samples.” A subsequent degassing at 1760° C for H to 1 hour was 
suflScient for complete removal of residual occluded gases. (All the 
degassing at high temperature was carried out by means of high-fre- 
quency heating.) It was observed that (he volume of this residual gas 
decreased with increase in purity of the hydrogen used, as is illustrated by 
the observations recorded in Table 49. 

The “percentage of total gas removed” was calculated by assuming 
4.5 cm® per kg as the normal amount of gas in a sample that had been 
given a similar cleaning treatment before heating in vacuum. 

The effect, on the volume of gas evolved, of using extremely pure 
hydrogen such as is obtained by diffusion through heated palladium is 
very significant, and still more important is the observation that degas- 
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TABLE 49 

Effect of Tbeatmbnt of Molybdenum on Gas Content 



Gas Left in Mo, 
cm® /kg 

Average Percentage 

Method 



Average 

Lowest 

of Total Gas Removed 

Hydrogen firing, tube furnace at 

1 atm 

1.16 

0.86 

74.8 

Arsem vacuum furnace 

0.95 

.68 

76.9 

Tungsten vacuum furnace 

.82 

,44 

81,6 

Purified line hydrogen, 1 atm 

.47 

.39 

89.6 

Line hydrogen diffused through 
heated palladium 

.16 

.07 

96.4 


sing may be accomplished by heating samples in purified hydrogen in- 
stead of in a vacuum furnace. 

As has, however, been mentioned previously, hydrogen firing is not 
always a safe procedure because of so-called embrittlement effects. 

Observations made by Norton and Marshall on rates of degassing 
have been discussed in section 11 of this chapter. 

Degassing of Tungsten and Nickel. To degas tungsten at a rate 
comparable with that observed for molybdenum at 1800° C, it was found 
necessary to heat the metal to 2300-2430°C. The amount of gas evolved 
from tungsten was observed to be about 15 to 25 per cent of that evolved 
from a similar sample of molybdenum and averaged about 0.3 cm® per 
kg. The average composition of the gas was about 67 per cent nitrogen, 
30 per cent carbon monoxide, and 3 per cent hydrogen. 

Since nickel has the same vapor pressure at 1030° C as molybdenum 
at 1760° C (about 3 microns), this fixed an upper limit to the tempera- 
ture at which the nickel could be heated for any length of time in vacuum. 
A sample of vacuum-melted nickel heated to 1090° C for about 7 hours 
gave off 2.8 cm® per kg, while, from a sample of “Electro” nickel heated 
to 1100° C for 15 hours and then to 1200° C for 4 hours, 19.3 cm® per kg 
was obtained. In this case the gas evolved consisted of 60 to 90 per cent 
carbon dioxide, 2 to 40 per cent hydrogen, and 6 to 11 per cent nitrogen. 

Degassing of Iron. N orton and Marshall describe the- different types 
of iron investigated as follows: 

1. Ordinary low-carbon stamping steel. 

2. Svea iron. This is describ^”* as a special type of exceptionally pure Swedish 
iron made by a secret process to approach a chemically pure iron. 

8. Cast steel. A manganese molybdenum steel with the following analysis: 
carbon, 0.24 per cent; silicon, 0.34; sulfur, 0.010; phosphorus, 0.017; manganese, 
1.29; molybdenum, 0.49. 

H..G. Todd, Radio EnainMnng, 18, 18 (1932). 
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4. Bain cast steel of analysis: carbon, 0.17 per cent; silicon, 0.37; sulfur, 0.010; 
phosphorus, 0.019; manganese, 0.47; chromium, 1.74; molybdenum, 0.69. 

6. *‘New iron^^ made by the General Reduction Corporation, Detroit. . . . The 
composition was: carbon, 0.05; silicon, 0.008; sulfur, 0.006; phosphorus, 0.008; 
manganese, 0.18 per cent. 

The samples were heated in vacuum to as high as 1370® C. The 
total amounts of gas (cm^ per kg) evolved from each of the samples, 
desginated by the numbers given above, were as follows: 

1, 700 ; 2, 288; 2, 230; 3, 174; 4, 155; 5, 82; 5, 70. 

The last sample, which was ^*New iron,'^ previously fused by high- 
frequency heating, evidently evolved the lowest amount of gas. The 
gas evolved from the different samples of iron consisted mainly of 
nitrogen and carbon monoxide, with smaller amounts of carbon dioxide 
and hydrogen. 

Degassing of Graphite. Samples such as are used for anodes in 
Tungar rectifiers were given a preliminary firing in a hydrogen furnace 
at 1500® C and then heated in an Arsem vacuum furnace at 1800® C. 

At 2150° C [according to Norton and Marshall] it is possible to degas graphite so 
that subsequent heating at a higher temperature gives no further gas. It is very 
interesting to note that the gas evolved in the range 1700® C to 2200® C is predomi- 
nantly nitrogen. A piece of graphite, which has been degassed completely, on sub- 
sequent exposure to air, absorbs oxygen, and some of this is so firmly bound that it is 
only desorbed as carbon monoxide on subsequent heating to 2150° C. 

The volume evolved varied from 1.5 to 12.3 cm^ per kg, and consisted 
mainly of hydrogen, carbon monoxide, and nitrogen with a much smaller 
percentage of carbon dioxide. 

Table 50 presents a summary of the results obtained in this investi- 
gation. The second and third columns give the range of values observed 
for the amount of gas evolved in the different sets of experiments. 


TABLE 50 


Ranob of Values for Total Gas Evolved from Materials Investigated by 

Norton and Marshall 


Material 

Tun^ten 

Molybdenum 

Nickel 

Iron (and steel) 

Graphite, processed at 1800® C 
Graphite, unprocessed 


Total Gas Evolved in 
cm« (S.T.P.) 


per kg 

02-0.4 

1~10 

3-20 

70-700 

1.5-12 

270 and higher 


per 100 cm* 
0.4r^.8 
1-10 : 
3-18 
55-550 
0.33-2.7 
60 and higher 
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Only with iron and unprocessed graphite did the volume of gas evolved 
exceed that of the metal. Tungsten, since it is sintered in hydrogen at a 
temperature of about 3655° K (melting point), contains the smallest 
amount of gas per unit volume, and molybdenum has about three to five 
times as much. 

The important conclusions that may be drawn from the results ob- 
tained by Norton and Marshall are the following: 

1. A preliminary firing in very pure hydrogen at as high a temperature 
as possible yields a much more gas-free metal and should be used when- 
ever hydrogen produces no deleterious effects on the mechanical or elec- 
trical properties of the metal. 

2. Since the rate of evolution of gas increases rapidly with increase in 
temperature, the sample should be evacuated at as high a temperature 
as practicable. 

3. The total amount of gas evolved per unit mass or unit volume de- 
pends to a great extent on the nature of the preliminary treatment such as 
method of cleaning, purity of hydrogen used for annealing or for the 
elimination of oxides, and even on the metallurgical procedures followed 
in the production of the sample. 

14. DETERMINATION OF OXYGEN CONTENT OF METALS FROM 
COMPOSITION OF GASES EVOLVED 

According to Smithells,”* “the total quantity of gas that can be 
extracted from commercial metals by heating in vacuo is usually between 
ijand 20 cm® per 100 g of metal. With copper and aluminum the gas is 
largely hydrogen, but carbon monoxide is the chief constituent in iron 
and nickel.” That the carbon monoxide is due to a reaction between 
carbon (usually present as carbide) and oxygen (or oxides) in the metal 
has been demonstrated by several investigators, including Smithells and 
Ransley, as noted in section 11. , 

In an excellent review dealing with the application of nickel in the 
radio-tube industry, E. M. Wise^^® has pointed out the importance of the 
oxygen content in the metal on account of its bad effect on the life of 
oxide-coated cathodes. The fact that iron contains about 10 to 50 times 
as much oxygen as nickel does is due to the inherent difference in ease of 
oxidation (as will be pointed out in more detail in Chapter 12). 

Furthermore, as Wise states, 

Nickel is melted by special methods which insure a minimum oxygen content, and 
finally an addition of about 0.1 per cent of magnesium is made which may further 

“<CS,p. 204 

Froc. /ns(. Radio Engrs., 86, 714 (1937). 
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lower the available oxygen and which confers several other desirable properties on 
the nickel. The methods employed in annealing nickel are such as to reduce the 
oxygen content further. 

Since, as will be shown in a subsequent chapter, many metal oxides 
possess extremely low dissociation pressures even at 1500-1800® C, the 
vacuum-fusion method^’ is frequently used for the purpose of de- 
termining the oxygen in the form of carbon monoxide. This procedure, 
developed by H. C. Vacher and L. Jordan, consists in fusing the metal 
in vacuum in a graphite crucible. Improvements in the method 
have been described by L. Reeve;^^® results obtained by him on the 
temperature of reduction of oxides by carbon are shown in Table 51. 


TABLE 61 


Degree of Reduction of Oxides by Carbon 


Percentage Yield of 
Temperature of Oxygen Collected as 
Oxide Reduction, ^^C Carbon Monoxide 


FeO, iron oxide 1000-1050 

MnO, manganous oxide 1150 

Si 02 , silica 1300 

AI 2 O 3 , alumina 1550-1600 


97.3 

86.9 

100.0 

75.0 


^Tery slow reduction was observed at temperatures about 50® C below 
those quoted in the table. 

It should be observed, that, in terms of volume at S.T.P., 

1 per cent by weight of oxygen (O) = 14 cm^ CO per g. 

1 per cent by weight of carbon (C) = 18.67 cm® CO per g. 

Thus, from a measurement of the carbon monoxide evolution at 
different temperatures, it is possible to determine the nature and amount 
of each oxide present in the metal. As an illustration of the application 
of the vacuum-fusion method. Reeve gives the analytical results shown 
in Table 52 of a bare weld wire which contained 0.021 per cent carbon, 
0.09 per cent manganese, and 0.014 per cent silicon. 

It is of interest to note that, as observed previously by other investi- 
gators, the greater part of the hydrogen in steel is evolved at about 
1150® C and comparatively smaller amounts are evolved at 1300® G and 
higher. 

J. Research NatL Bur. Simdards, 7, 375 (1931). 

This method is discussed at greater length in section 17. 

Trans. Am. Inst. Mining Met. Engrs.f lid, 82 (1934). 
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TABLE 52 

Pebcentaqb by Weight op Oxygen, Nitrogen, and Hydrogen Evolved from 
Bare Weld Iron at Different Temperatures 

Temperature, °C Oxygen as Per Cent Per Cent N 2 Per Cent Ha 

1050 FeO 0.282 0.159 0.00025 

1300 SiOa .0003 . 0077 

1600 AI 2 O 3 .022 . 0141 

A second method for the determination of oxygen in metals is that 
originally suggested by A. Ledebur, in which carefully purified hydrogen 
is passed over the metal at a high temperature and the oxygen is collected 
and weighed as H 2 O. The method has been described very fully by 
B. M. Larsen and T. E. Brower, and an improved techique has been 
described by the same investigators and W. E. Shenk.^^^ 

Wise^^^ has given, in Table 53, a summary of oxygen determinations, 
made by the last-mentioned investigators, on samples of iron, and also 
data for several heats of commercial ‘‘A^^ nickel. 

TABLE 53 


Percentage op Oxygen as FeO in Samples of Different Metals 


Description of Metal Used 

Per Cent 
Oxygen 
as FeO 

Equivalent 
0 as CO, 
cm^ per kg 

Ingot iron (low-carbon, high-purity) 

0.040-0.060 

660-840 

Electrolytic iron 

.018- .024 

250-340 

Pure iron, vacuum-melted 

.003- .006 

42- 84 

Ingot iron heated in H 2 at 1500® C 

.002 

28 

Low- and medium-carbon milled steels 

.012- .033 

168-462 

Commercial “A” Nickel (four samples) 

.001- .002 

14- 28 

Iron-aluminum alloy, 0.25% Al* 

.062 

28 

Iron-aluminum alloy, 0.60% Al* 

Trace 

— 

Carbonyl iron, pressed from powder and rolled 
into sheet* 

.012 

168 


♦ Values not given in Wise's table but taken from the paper by Larsen, Brower, 
and Shenk. 


Comparing the gas evolution from iron with that from nickel it is 
evident that nickel is much more suitable for vacuum devices than iron. 
With regard to other impurities Wise has made the following comments: 

Tmns. AJM.B., 100, 196 (1932). 

AJMMt (1934). These publications give references to the 

extensiye literature on this topic. 

Loc. cU. 
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Phosphorus and sulfur while not gaseous at room temperature volatilize rather 
easily and in some respects behave like gases. The phosphorus content of nickel is 
very low, about 0.003 per cent, while that of iron may range from 0,018 to about 
0.065 per cent. Phosphorus seems to be tolerated by thoriated cathodes but experi- 
ments indicate that it is detrimental to oxide-coated cathodes. 

Sulfur in all tube parts is definitely detrimental, and this element is carefully con- 
trolled in nickel, the amount present being normally 0.0Q5 per cent or less. The 
sulfur content of irons is usually 0.025 to 0.45 per cent. Some methods of steel 
manufacture lead to values as high as 0.060 per cent sulfur. 

Sulfur is extremely detrimental to oxide-coated cathodes, and the use of material 
containing appreciable quantities of this element in plates and other tube parts is 
known to be extremely undesirable. 

The problem of the source of nitrogen in iron and its alloys has been 
discussed by Reeve. In view of the observations on the dissociation 
pressures of the nitrides, which are discussed in Chapter 12 (also see 
comments at the end of section 8 of this chapter), he has suggested that 
the nitrogen evolved at 1300° C is associated with silicon and that at 
1570° C with aluminum. 

The topic discussed in this section is intimately related to the problems, 
dealt with in Chapter 12, of the conditions for the reduction of oxides by 
carbon and hydrogen, and the reader is therefore referred to that chap- 
ter for further discussion of the subject. 

16. EMBRITTLEMENT OF METALS BY HYDROGEN 

In section 13 attention was drawn to the observation made by Norton 
and Marshall on the beneficial effect in reducing the gas content in 
metals of a preliminary heating in extremely pure hydrogen. However, 
it was also mentioned that in the case of tantalum such a treatment leads 
to injurious effects on the mechanical properties. Similar effects are 
also observed in the case of copper. 

As stated in section 5, a tantalum filament, heated in hydrogen to a 
high temperature and then cooled in the gas to room temperature, takes 
up about 740 times its volume of hydrogen. It was first observed by 
M. Pirani^^^ that such a filament, although originally quite ductile, 
becomes very brittle when saturated with hydrogen. It can be crushed 
easily, because of the formation of very small crystals. Also the electri- 
cal resistance increases about 100 per cent. However, if the filament is 
raised to a very high temperature in a good vacuum, the ductibility as 
well as the original resistance is restored. Pirani observed that in order 
to achieve this result the temperature must be high enough to sinter the 
filament and that the gas is not completely eliminated unless the pressure 

1** Z, Elektrochem,, 11, 555 (1905). 
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is maintained at as low a value as possible (much less than 100 microns). 
In fact, Pirani concluded that the only method of eliminating the gas 
completely was to fuse the metal and maintaining it in that condition for 
a long time in a very good vacuum. 

Pirani also observed that a tantalum filament is oxidized to Ta 205 
when heated to a high temperature in a stream of hydrogen, even when 
the gas has been passed over freshly reduced copper turnings (heated in 
an oven to 500-600° C) in order to remove oxygen and water vapor. 
Only by passing the gas over heated calcium or molten sodium was it 
found possible to purify it to such an extent as to prevent surface oxida- 
tion of the tantalum filament. 

Indeed, tantalum filaments heated to a high temperature may be used 
to remove residual traces of water vapor and other oxidizing gases from 
hydrogen. In this respect tantalum may be used instead of chromium 
powder, which is also an efficient reagent for the purification of hydrogen. 
(The reason for this characteristic behavior of both tantalum and chro- 
mium will be evident from the discussion in Chapter 12 of the equilibria 
between the oxides and hydrogen.) 

The so-called ‘^embrittlement^’ of copper which results from treat- 
ment of the metal in a hydrogen atmosphere is an interesting phenom- 
enon, similar to that observed in the case of tantalum, which has 
received a great deal of attention from metallurgists. The following 
summary is based upon the comprehensive discussion of this topic by 
L. L. Wyman.^23 

Wyman has shown that annealing copper alternately in an oxidizing 
and reducing atmosphere is specially effective in causing embrittlement. 
During the oxidizing cycle, oxygen diffuses into the metal and brings 
about formation of CU 2 O; during the reducing cycle, hydrogen diffuses 
into the metal and the water vapor formed causes ruptures along grain 
boundaries. 

Wyman’s investigation led to the following conclusions: 

1 . Neither pure copper when oxidized or deoxidized nor rough-pitch copper up to 
0.06 per cent oxygen is embrittled by hydrogen at temperatures of 400® C or below, 
at 4 hours. 

2(a). The rate of oxygen penetration into ^^pure” copper decreases markedly 
below 800® C. 

(b) The rate of hydrogen penetration into oxygen-bearing copper decreases 
markedly below 700® C. Consequently, up to about 800® C, the coppers containing 
no oxygen are superior to tough-pitch coppers for resistance to the embrittling action 
of oxidation-reduction cycles. 

The elimination of oxygen by purifying process or by means of deoxidation of the 

Tfons. 104, 141 (1933); 111, 305 (1934) and 187, 291 (1940); 

General Elec. Rev,t 87, 120 (1934). 
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copper is advantageous in increasing the resistance to the embrittling action of 
reducing gases. 

F. N. Rhines and W. A. Anderson**^ have observed embrittlement not 
only when CU 2 O is present but also when readily oxidizable alloying ele- 
ments are present in the copper. The explanation is the same as that 
suggested by Wyman. ' 

Hydrogen [they state) diffuses through copper much faster than the water vapor 
can escape by diffusion and a pressure sufficient to rupture the material is built up. 
The cracks and holes apparently occur at the grain boundaries, because of inherent 
weakness there, because of more favorable conditions for nuclear formation there, 
because the oxide is more plentiful there, or because hydrogen enters more readily 
at the grain boundaries. 

While Rhines and Andferson conclude that hydrogen is the only gas 
that will produce embrittlement of the type discussed above, other 
investigators have observed the same phenomenon with illuminating 
gas. This, however, involves no contradiction with the previous state- 
ment, since this gas contains hydrogen as well as methane and both gases 
react with oxides. 

In a review entitled “The Influence of Gas-Metal Diffusion in Fabri- 
cating Processes, Rhines has emphasized the important fact that 
hydrogen may diffuse into metals as a result of a reaction between the 
heated metal and water vapor, or as a result of chemical action, as in 
picliling or electrolysis. This leads to embrittlement in the case of other 
metals such as iron and its alloys and in nickels. 

As has been pointed out in section 5, the densities of the “hydrides” of 
palladium and of other metals of Group B are all lower than those of the 
pure metals. That is, the lattice expands as a result of the presence of 
hydrogen atoms (or rather protons) in interstitial sites. While the solu- 
tions of hydrogen in metals of Group A, such as iron and nickel, exhibit 
considerably less expansion, there is, nevertheless, a slight expansion 
which is probably effective, as Rhines points out, in producing stresses 
which ultimately lead to cracking, flaking, and similar phenomena. 

Electroplates [Rhines states], particularly those of iron, nickel, and chromium, if 
formed under conditions where a considerable quantity of hydrogen is released, are 
often very brittle and give trouble in buffing 

When ferrous materials are subjected to stress at elevated temperatures, the 
presence of dissolved hydrogen promotes the development of cracks. Thus hot 
formed.products contaminated with hydrogen are slowly cooled to avoid the develop- 
ment of shatter cracks. Flakes in wrought steel are believed to result from the 
development of fine cracks in the metal when it is worked without first being freed 
of hydrogen by sufficiently prolonged heating. 

Tram. A. I. M. E., 148, 312 (1941). 

Tram. A.I.M.E., 166, 335 (1944). 
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Some other metals are similarly sensitive to hydrogen embrittlement. Elec- 
trolytic nickel, as produced, contains a considerable quantity of hydrogen, which is 
partly retained through subsequent melting and casting operations if special pre- 
cautions are not taken. When such nickel is rolled or forged, cracks develop. It is 
found possible to eliminate the major part of the hydrogen in melting by oxidation or 
by a carbon boil. 

In order to recover ductility in samples of ferrous alloys which have 
been pickled, the usual procedure consists in allowing the samples to 
stand in the air for some time or baking them at a low temperature in 
order to let the hydrogen diffuse out.^^® 

H. H. Uhlig^^^ has observed that low-carbon manganese-iron alloys, 
treated at 1000® C in hydrogen and quenched, are embrittled by retained 
hydrogen, whereas the alloys treated in vacuum at 1000® C and quenched 
in vacuum are ductile, since the hydrogen is eliminated in the vacuum 
treatment. The important conclusion drawn from his investigation is 
that the alloys are brittle only if hydrogen is retained. Thus, if a treatment 
in hydrogen at high temperature is followed by a rapid quench, the alloy 
is brittle. If, however, the quench is sufficiently slow to permit the 
hydrogen to diffuse out as the alloy cools, then the ductility is retained. 

In agreement with Wyman, Rhines has emphasized the part played by 
oxides in the metal. He states: 

Many commercial metals and alloys contain oxygen either in solid solution or in 
the form of an oxide. When such materials are heated in the presence of hydrogen, 
carbon monoxide, or similar reducing gases, the hydrogen or carbon may diffuse into 
the metal and there reduce the oxides or react with the oxygen to form insoluble 
water vapor or one of the gaseous oxides of carbon. If this occurs when the products 
of reaction are confined, a considerable pressure may be generated ^d blisters or 
cracks will form. 

Repeated cycles [he continues] of oxidizing and reducing conditions promote the 
disintegration of materials , that are not particularly sensitive to either conditions 
alone. Apparently minute cracks which are caused by grain-boundary oxidation 
and which would grow only slowly under constant oxidation are freed of the obstruct- 
ing filling of oxide during the reduction phases, and so admit gas more readily on 
subsequent oxidation. 

Such a “water cycle,“ as it has been designated, also occurs in evacu- 
ated devices if precautions are not taken to eliminate water vapor 
as completely as possible. The phenomenon was first observed by 
Langmuir in connection with his investigations on the causes of blacken- 
ing in vacuum tungsten-filament lamps. If these lamps are not ex- 
hausted with sufficient care to remove all traces of water vapor or 

Bee remarks in section 17 in connection with the discussion of the determination 
of hydrogen in iron alloys. 

Trans. Am. Inst. Mimng Met. Engre., 168 (Iron and Sieel)^ 183 (1944). 
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possible sources of evolution of the vapor, the vapor is dissociated at the 
incandescent filament with formation of oxygen and hydrogen. In con- 
tact with the filament at temperatures of about 1500®C and higher, atomic 
hydrogen is formed, which is an even more effective reducing agent 
than molecular hydrogen. The cycle which then occurs is as follows: 
The oxygen forms WO2 and WO3 which volatilise and condense on the 
glass walls. The atomic hydrogen reduces the oxides to tungsten, and 
the resulting water vapor then goes through the same cycle as before, 
thus causing a very rapid blackening of the glass bulb. Similar reaction 
may also occur with other metals. In a hot-cathode device, it results 
not only in rapid distintegration of the cathode but also in a considerable 
decrease in electron emissivity, because of the ^^poisoning^^ effect of 
oxygen. 

To the vacuum-tube engineer interested in the fabrication of devices 
having metal containers, or to the designer of vacuum systems made of 
metal for large-scale operations, the degassing characteristics of the 
metals used are obviously of primary importance. It is for this reason 
that the rather lengthy discussion has been given in this and the pre- 
ceding sections of topics which, at first glance, may appear to be more 
pertinent to metallurgy than to vacuum technique. Also, for the same 
reason, it has been considered worth while to add the remarks made in 
the following section, which deals with a closely allied topic. 

16. OBSERVATIONS ON GASES IN CAST METALS 

During the refining or melting operations, metals are quite likely to 
take up large volumes of gas. This is due primarily to the fact, empha- 
sized in section 4, that the solubility of gases, especially that of hydrogen, 
in metals of Group A increases with the temperature and is greater in the 
fused metal than in the solid. That the increase in solubility at the melt- 
ing point is considerable is shown by the data in Table 54, which are 
taken from the tables in section 4, indicated in the first column. As 
usual, s ~ cm^ (S.T.P.) per 100 g metal. 

TABLE 54 

Increase in Solubiuty (at 1 Atm) op Hydrogen in Metals at Mbi/ting Point 


Table 1 

Iron e C 

8 

1500 

12.75 

1636 (m.p.) 

1550 

27.75 

1650 

30.97 

Table 4 

Nickel fC 
8 

1400 

16.52 

1462 (m.p.) 

1500 

41.6 

1600 

43.1 

Table? 

Copper f C 

1000 

1083 (m.p.) 

1100 

1200 


8 

1.58 

2.10 (soUd) 

6.10 ^quid) 

6.3 

8.1 
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For hydrogen in aluminum, s is negligible for the solid but increases 
rapidly with the temperature above the melting point. For oxygen in 
silver at 1 atm, s increases from 5.4 at 923° C to 213.5 at 973° C (melting 
point = 960.5° C). 

On solidification the large excess of gas held in solution is liberated and 
is likely to be trapped in the metal, as it crystallizes, in the form of minute 
cavities or blow-holes, which result in unsound castings. 

As observed in the discussion of the data in Table 33 on the solubility 
of oxygen in molten silver, N. P. Allen**® has i^own that the trapped 
gases exert enormous pressures. 

In general the gas that most frequently causes defects in the casting 
of metals such as iron, nickel, copper, or aluminum is hydrogen. This 
may come from decomposition by the fused metal of water vapor or 
hydrocarbon vapor present in furnace gases, or from reaction with 
moisture in the sand molds. 

In a melt which contains, in addition to hydrogen, a small amount of 
dissolved oxygen, the gases recombine on solidification to form steam and 
this gives rise to what has been designated “reaction unsoundness’’ or 
“steam unsoundness.” This was first observed by N. P. Allen in his in- 
vestigation on gases in molten copper. He concluded that, as a result of 
the reaction between hydrogen and oxygen, “the blow-holes are much 
smaller, more numerous, and tend to congregate in those parts of the 
crystal grain last to solidify and in the crystal boundaries.”**® 

This type of porosity is observed when the oxygen content exceeds a 
certain critical value, and according to observations by Allen and 
A. C. Street**® this critical oxygen content is apparently connected with 
the solid solubility of the oxygen in the metal. 

It should be observed that, in a paper by Allen and T. Hewitt,*** it 
was shown that the behavior of the system consisting of molten copper 
in equilibrium with hydrogen, oxygen, and steam is “consistent with the 
ordinary mass-action laws, and that from the data obtained the dis- 
sociation pressure of cuprous oxide could be calculated.”*** 

A review of the investigations carried out by himself and previous 
workers on gases in molten and solid copper has been given by 0. W. 
Ellis.*** Many of the observations reported in this paper, such as those 

*** /. Intt. Metah, 49, 317 (1932). 

/. Itut. Metals, 48, 81 (1930). 

J. Inst. Metals, 61, 233 (1933). This investigation reports observations on 
“the effects of hydrogen and oxygen on the unsoundness of copper-nickel alloys.” 

J. Inst. Metals, 61, 267 (1933). 

>•*, This is discuss^ in Chapter 12. 

1** Trans. Am. Inst., Mining Met. Engrs,, 106, 487 (1933). 
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on the solubility in copper of carbon dioxide and water vapor, are, how- 
ever, not confirmed by other investigators. 

The results obtained by Allen and his associates, as well as methods 
for the degassing of metals, have been discussed fully by J. C. Chaston.*®* 
The different methods which have been proposed for the degassing of 
metals are summarized by Chaston as follows: \ 

1. Vacuum fusion.^®* 

2. Presolidification.'®® 

3. Bubbling a stream of nitrogen through the molten metal before 
casting.'®’’ 

4. Use of oxidizing fluxes.'®® 

The relative merits of the first three methods were also discussed in an 
earlier paper by W. E. Prytherch.'®® In a series of experiments on the 
effects of oxygen, hydrogen, and sulfur dioxide on the soundness of ingots 
he observed that the nature of the unsoundness due to dissolved gases 
“depends on the conditions of temperature, on rate of solidification, and 
possibly on shape of ingot obtained during casting.” Furthermore he 
concluded that, “Under conditions of the experiments [carried out in this 
investigation] it has been found that the method of removing gases from 
copper by oxidation of the metal and its subsequent removal is extremely 
slow and incomplete.” 

Molten aluminum can absorb ten times as much hydrogen as cor- 
responds to equilibrium solubility, and according to Claus and his 
associates'*® this gas is due to a reaction between the metal and water 
vapor. This dissolved excess gas is likely to be emitted during solidifi- 
cation with intense frothing, and as a remedy it is recommended that the 
metal should be kept for some time at a temperature just above the 
melting point in a furnace atmosphere as free as possible from water 
vapor. They have also used the third method mentioned above, but in 
the case of aluminum they have obtained good results by using chlorine 
or mbctures of this gas and nitrogen instead of pure nitrogen. 

The second method, as described by Chaston, “consists simply in 

Metal Treatment, 11, 212, 213 (1944-1945). Chaston also gives the following 
references on degassing of metals: D. R. Tullis, J. Inst. Metals, 40, 66 (1928); 
W. Bosenhain, J. D. Grogan, and T. H. Schofield, J. Inst. Metals, 44, 306 (1930); 
J. D. Grogan and T. H. Schofield, J. Inst. Metals, 49, 301 (1932); D. Hanson and 
I. G. Slater, J. Inst. Metals, 46, 187, 216 (1931). 

W. J. P. Rohn, J. Inst. Metals, 42, 203 (1929). See also remarks in section 12. 

*** S. L. Archbutt, /. Inst. Metals, 33, 227 (1925). 

W. Claus, S. Briesemeister, and E. Kal&hne, Z. MetaUkunde, 21, 268 (1929). 

Its ip Pell-Walpole, J. Inst. Metals, 70, 127 (1944). 

J. Inst. MetaU, 43, 73 (1930). 

See footnote 137. 
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allowing the melt to cool slowly in a crucible so as to expel most of the 
dissolved hydrogen and then to remelt the metal as rapidly as possible.” 

Undoubtedly the most effective method of degassing metals is fusion 
in vacuum. Evidence for this statement has been presented in the 
previous sections of this chapter, and the most recent confirmation is 
given in a publication by R. S. Morse.^** The gas content of vacuum- 
melted copper obtained in the laboratory of the National Research 
Corporation, as compared with oxygen-free commercial metal, is stated 
to be as follows: 


Gas 


Vaccom-Melted Oxyqbn-Freb 

per cent by weight GoMMBsaAL 


Hydrogen 0 . 00001 

Oxygen . 00039 

Other gases . 00002 

Sulfur .00006 


0.00012 

.00045 

.00040 

.00230 


It should be noted that, according to the conversion factors in Table 
45, the hydrogen content of the vacuum-melted metal corresponds to 
1.12 atm • cm® per kilogram, and the oxygen content to 2.73 atm • cm® 
per kilogram. 

The application of the methods, discussed above, to the degassing of 
alumin um has also been discussed by J. L. Erickson.^^® 

Of special interest in this connection are the observations reported by 
H. H. Johnson, L. H. Amer, and H. A. Schwartz*^® on the slow evolu- 
tion of gases from cast steel at room temperature. The gas consists of 
carbon monoxide, nitrogen, and hydrogen, and the rate of evolution in- 
creases both with increa^e in temperature and with decrease in the partial 
pressure of the evolved gases in the surrounding atmosphere. Fur- 
thermore the rate varies with time in the same manner as that of a first- 
order reaction, so that after a period of several hundred hours the volume 
of gas evolved reaches a constant value which is of the order of a few 
cubic centimeters per 100 g of metal. 

Since I atm • cm® corresponds to approximately 760 micron ■ liters it is 
evidwt that such a rate of gas evolution would make a material practi- 
cally useless for application in the fabrication of vacuum devices. 

One important conclusion that can be drawn from the discussion in 

Ind. Eng. Chem., 80 , 1064 (1947). Furnaces for the vacuum fusion of metals 
have been deacribed in the following publications: A. U. Seybolt, Metali Progreat, 
80 , 1102 (1946), and A. R. Eaufmann and E. Gordon, Metaia Progreaa, 02 , 387 
(1047). 

Light Metal Aga, 2 , No. 4, 19 (1944). 

from. Am. Sac. Metaia, 87 , 809 (1946). 
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this section is that in attempting to use cast metals in vacuum devices 
extremely great care should be exercised to make certain that the cast- 
ings are vacuum tight. Though certain palliative procedures may be 
used for ^Vacuum-proofing^^ a porous container, they are obviously not 
always reliable and care should be taken, if it is necessary to use a cast- 
ing, to check its soundness by preliminary tests. ^ 

17. ANALYSIS OF GASES IN METALS^^ 

The so-called *'low-pressure^^ method for the determination of gases in 
metals, glass, etc., was first developed by I. Langmuir.^^^ It was fur- 
ther refined by H. M. Ryder, and it has been modified in certain 
details and utilized extensively by subsequent investigators — C. H. 
Prescott, Jr.,^^^ R. H. Dalton,^^® Norton and Marshall,^^® and others. 

In its simplest form, the apparatus used consists of a McLeod gauge 
for measuring the pressure of the gas (in a known total volume) and a 
Toepler pump for transferring the gas into other parts of the system in 
which each of the constituents can be determined by suitable chemical 
reactions. Mercury cut-offs are used to separate each individual re- 
action, and solid carbon dioxide and liquid air are used to condense out 
the different products. 

Without entering into a detailed description of the arrangements used 
by the different investigators mentioned above, the general principles 
involved may be illustrated by means of the system shown in Fig. 30, 
which was developed by J. J. Naughton of this laboratory for the 
determination of gases in metals. 

The equipment used consists of two parts: (1) the gas extraction and 
measurement section, and (2) the gas analysis section. 

The extraction section (shown at the right in Fig. 30) consists, accord- 
ing to Naughton’s description, 

of a quartz tube furnace, F\, which contains the graphite crucible, C, and suitable 
shields. The gases are extracted by melting the metal in this furnace.^®® They are 
quickly swept away by a mercury-diffusion pump and concentrated by a Toepler 
pump, r, in a known volume, A. The pressure of gas in this Ijnown volume, meas- 
ured with a McLeod gauge, Mi, gives the quantity of gas in the metal sample. 

An excellent review of methods of ‘^micro-gas analysis*^ is given in FM, pp. 
174-201. 

J. Am. Chem. Soc., 34, 1310 (1912), 

/. Am. Chem. Soc.y 40, 1656 (1918). 

/. Am. Chem. Sac., 60, 3237 (1928). 

J. Am. Chem. Soc., 67, 2160 (1935). 

Trans. Am. Inst. Mining Met. Engrs., 102, 287 (1932); 104, 136 (1933). 

The heating is carried out by means of an induction furnace. 
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The gas analysis section is a circulatory system comprising a known volume, 
in which the gas being analyzed can be concentrated and measured. A McLeod 
gauge, Af 2 , which is part of By is provided for making this measurement. A furnace 
containing a tube filled with copper oxide, F 2 , a freeze-out trap, Tr, and a mercury- 
diffusion pump, Pj for circulating the gas are the other essential parts of the system. 
For analysis, a portion of the gas extracted from a metal is admitted to the known 
volume. Its pressure is measured and it is then circulated over frozen acetone to 



Fig. 30. System for determination of amount and composition of gas 
evolved from metals (Naughton). 


remove water vapor. After removal has been effected the remaining gas is con- 
centrated in the known volume, B, and its pressure measured. The difference be- 
tween the pressure before and after the removal of a component gives the pressure of 
the component gas in the mixture. Carbon dioxide is removed by passing through 
the freeze-out trap surrounded by liquid nitrogen. Hydrogen is first oxidized to 
water vapor by passing through the copper oxide furnace, and the water is removed 
as before. Similarly, the carbon monoxide is oxidized to carbon dioxide which is 

In order to increase the accuracy of the determination of this volume, Naughton 
and XJhlig have used a modified design of mercury-vapor pump which is described in 
Ind. Eng. Chem.y Anal. Ed.y 16, 760 (1943), 
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then removed as already noted. These are the gases usually found in the gas ex- 
tracted from a metal. At times methane is also a component of the gas mixture. 
This gas is removed by admitting a known amount of pure oxygen and burning the 
mixture over a hot platinum filament, Pt. Traps are provided before and after this 
filament to prevent oxidation of mercury vapor and consequent error. 

With this gas analysis equipment [Naughton states] it is possible to analyze a 
sample of gas whose total volume is as small as 0.005 cm*s (S.T.P.). 

One further precaution that has to be taken in connection with the use 
of the equipment is that good thermal contact is maintained between 
the metal and the crucible. This is sometimes accomplished by means 
of a metal flux, such as iron, in which carbon is readily soluble. 

In the case of iron-manganese alloys the manganese evaporates at 
relatively low temperatures^®^ and the deposit adsorbs considerable 
amounts of hydrogen. Hence in a determination of hydrogen in such 
alloys by the vacuum extraction method, Naughton has used tin as a 
flux^®^ in order to extract the gas at a temperature at which evaporation 
of manganese is negligible. 

The determination of hydrogen in ferrous materials by vacuum ex- 
traction at 800® C has been investigated by V. C. F. Holm and J. G. 
Thompson.'®^ They observed that as much as 90 per cent of the hydro- 
gen introduced into iron alloys by cathodic charging or by heating in 
hydrogen at high temperatures is evolved from the metal during a few 
days^ storage at room temperature. The final values for the hydrogen 
content are, in general, of the same order as the solubility of the gas at 
room temperature. 

A great many investigators have dealt with the problem of oxygen 
determination, and the topic has been discussed at length in a paper by 
J. G. Thompson, H. C. Vacher, and H. A. Bright.^®® 

A method for the analysis of gases which was first described by N. R. 
Campbell^®® and has been applied successfully by many subsequent in- 
vestigators is designated by Farkas and Melville^®^ as ‘flow-temperature 
distillation.^' 

See vapor-pressure data in Table 11.2. 

163 Am, Inst. Mining Met, Engrs.y 162, 386 (1945). This is one of a number 
of papers given at a symposium on the determination of hydrogen in steel and pub- 
lished in the same volume of the Transactions^ pp. 353-412. 

J, Research Natl. Bur. Standards, 26, 245 (1941), also J. Q. Thompson, Trans. 
Am. Inst. Mining Met. Engrs., 162, 369 (1945). 

J. Research Natl. Bur. Standards, 18, 259 (1937). This and the previous paper 
contain further references to the literature on these topics. See also remarks in 
Section 14. 

Proc. Phys. Soc., 33, 287 (1920-1921). 

FM, p. 187. 
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The principle of the method can be illustrated by the technique, de- 
veloped in this laboratory by F. J. Norton for the determination of 
H 2 O and CO 2 in the gases evolved in the evacuation of devices contain- 
ing cellulose materials. 

The gas to be analyzed is collected in a known volume, V liters, which 
includes the volume of the gauge and that of an appendix. Thus, if the 
pressure is the total quantity is micron • liters. On immersing 
the appendix in liquid air the H 2 O and CO 2 are frozen out and the resid- 



Fio. 31. Illustrating method of ^^low-temperature distillation’^ for analysis of gases 
evolved. A thermocouple gauge gives the record (A A' BB' C) of the vapor pressure 
and amount of each constituent; the linear plot DD' shows the variation in temperar 
ture with time. (Norton.) 

ual pressure P^o corresponds to the amount of non-condensible con- 
stituents (N 2 , O 2 , CO, and H 2 ). On removing the liquid air and let- 
ting the temperature of the appendix rise at a measurable rate ( — 195® C 
to 25® C in 20 minutes), the CO 2 begins to evaporate, and, as the tem- 
perature increases, the pressure versus temperature plot obtained (shown 
in curve AA'j Fig. 31) corresponds to the vapor-pressure curve of CO 2 . 
(According to the data in Tables 11.14 (a) and (6) the vapor pressure of 
solid CO 2 is 0.6m at — 169® C and increases to 10m at — 158® C.) After 
all the CO 2 has evaporated, the pressure indicated is P,X. As the temper- 
ature increases beyond that corresponding to this pressure there is only a 
negligible increase in pressure (as shown by the approximately hori- 
zontal portion A'B in Fig. 31) until a temperature is reached at which 
the vapor pressure of H 2 O becomes significant. (As shown in Table 
11.13, the vapor pressure is 0.4m at —80° C and increases to about 100m 
at —40° C.) Thus a plot of pressure versvis temperature is obtained, 
such as BB* in Fig. 31. 
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The approximately horizontal portion, indicates the pressure 
Pi»2 obtained on complete evaporation of the water vapor. Thus the 
composition of the gas (by volume) is as follows: 


Non-condensible gas: 


lOOP^^o 

P/tO + P/tl + 


per cent, 


Carbon dioxide: 


100 P^i 

P/xO + P/ll + P/i2 


per cent, 


Water vapor; 


100 P;* 


The technique as developed by Norton consists in connecting a photo- 
electric recorder to a thermocouple which measures the temperature of 
the appendix and a second recorder to a thermocouple gauge which 
measures the pressure in the system. This procedure yields two simul- 
taneous records, as shown in Fig. 31, in which AA'BB'C gives a record 
of pressure versus time, while the linear plot, DD, gives the record of 
temperatures versus time. 

As Norton has pointed out, the same procedure can be used for the 
analysis of gases that are evolved during exhaust. A trap to which a 
thermocouple is attached is inserted between the system and the pump, 
and, during pumping, liquid air is applied to the trap for a definite period. 
The liquid air is then removed and the trap warmed slowly. The tem- 
perature and pressure recorders are started. As the temperature rises to 
a value at which a particular gas begins to evaporate, a peak will be 
observed on the pressure recorder, and the position of this peak as well 
as its height will indicate both the nature of the gas and its relative 
amount. In this manner a succession of peaks is observed from which 
the nature of the constituents and their relative amounts may be de- 
termined. 

Farkas and Melville have described the application of the method to 
the analysis of a mixture of paraflSn hydrocarbons and also refer to the 
refinement of the method used by J. J. Sebastian and H. C. Howard.^®® 

C. Kenty and F. W. Reuter, Jr.,^^® have also used a modification of the 
same method for the analysis of gases evolved during exhaust. After 
identification of the condensible gases by their condensation points, a 
known amount of oxygen is added to the non-condensible residue. The 
mixture is compressed into a small volume and ignited by a heated 
platinum filament. The H2O and CO2 formed are then determined as 

Eng, Chem., Anal. Ed., 6, 172 (1934), 

Rev. Sci. Instruments, 18, 918 (1947). 
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described above. Any residual oxygen is determined by noting the de- 
crease in pressure in the presence of a heated tungsten filament, and the 
residue is then assumed to be nitrogen. 

Non-condensible gas can also be analyzed by comparing the absolute 
pressure reading, as read by a McLeod gauge, with the indication on a 
thermocouple (or Pirani) gauge which has been calibrated for the differ- 
ent possible constituent gases and mixtures of these gases. This method 
is similar to that used by R. G. Dickinson and A. C. G. Mitchell*®® for 
the analysis of hydrogen-nitrogen mixtures. 

Kenty and Reuter have also taken the speed of exhaust through a 
standard capillary as an additional criterion for the analysis of the 
evolved gas. This depends upon the fact that speed of exhaust varies 
inversely as VM. 

From the vapor-pressure data in Tables 11.15 (o) and (b) it is evident 
that the method of fractional distillation can be applied, under certain 
conditions, to the determination of small traces of oxygen, nitrogen, and 
hydrogen in krypton and xenon.*®* 

1*® Proc. Natl. Acad. Set., 12, 692 (1926). 

This has been used by C. Kenty, Rev. Set. Jnetrumente, 17, 168 (1946), for the 
determination of a small amount of impurity in xenon. 

JVote added during final proofreading: A description of a furnace and procedure 
for the vacuum-melting and casting of copper has been published by R. A. Stauffer, 
K. Fox, and W. 0. Di Pietro, Ind. Eng. Chem., 40, 820 (1948). 



CHAPTER 10 


CHEMICAL AND ELECTRICAL CLEAN-UP OF 
GASES AT LOW PRESSURES 

1. GENERAL REMARKS 

During the last decade of the nineteenth century when commercial 
production of carbon-filament lamps was initiated, it was recognized that 
the degree of vacuum attainable by means of the pumps available at that 
time was not sufficiently good for long-life operation of the lamps. In 
order to improve the vacuum in a sealed-off lamp, Malignani, in 1894, 
introduced the use of a suspension, in a viscous liquid, of red phosphorus 
which was painted on the inside of the exhaust tube of the lamp. After 
the tubulation from the pump was closed off the filament was flashed at a 
higher voltage than normal and the result was a considerable decrease in 
pressure of residual gases. Subsequently other chemicals were intro- 
duced with the same purpose, and these came to be designated as “get- 
ters,” that is, clean-up reagents for residual gases. 

As will be evident from the discussion in the following sections, the 
mechanism of clean-up by getters is different from that involved in 
the use of coconut charcoal, palladium black, and similar adsorbents 
mentioned in Chapter 8. 

In 1907 F. Soddy proposed the volatilization of calcium as a method 
for reducing the pressure in a sealed-off tube below that obtained by the 
use of a pump. During the course of his early investigations on the 
vacuum tungsten-filament lamps Langmuir observed that the pressure 
of residual gases in a lamp was decreased as a result of chemical reactions 
between the tungsten and residual gases, that is, evaporated tungsten 
functioned as a getter. 

The greatest impetus to further investigations on getters came as a 
result of the increasing apphcations of vacuum technique for the in- 
dustrial production of hot-cathode, high-vacuum devices. Even though 
it is possible by means of vapor pumps to obtain pressures sufficiently 
low for the operation of such electronic devices, the use of getters not 
only permits a reduction of the time of exhaust but also serves to main- 
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tain, in the sealed-off tube, the degree of vacuum necessary for efficient 
operation and long life. Thus the getters not only “get” the residual 
gases, but also “keep” them in much the same manner as, for instance, 
sodium retains the oxygen with which it has combined to form the oxide. 
In fact, the present-day large-scale production of the vast numbers of 
electronic devices would be well-nigh impossible if it were not for the aid 
rendered by getters. 

In hot-cathode devices the residual gases may act deleteriously in two 
ways. First, if the mean free path for an electron is of the same order of 
magnitude as, or less than, the distance between anode and cathode, gad 
molecules are ioniised by collision with electrons, and, since one positive 
ion can neutralize the space-charge effect* due to hundreds of electrons, 
it requires only a relatively small concentration of ions to eliminate the 
control of the space current by means of the anode or grid voltage. 

Second, the electron emission from the cathode is decreased, in general, 
either by formation of adsorbed unimolecular layers of the gas on the 
surface or by positive-ion bombardment of the emitting surface and con- 
sequent removal (by sputtering) of the material that is active in the 
emission of electrons.* For instance, the electron emission from thori- 
ated tungsten is extremely sensitive to traces of residual oxygen. At A 
pressure of 1 • 10~® micron, the rate of incidence of oxygen molecules is 
3.6 • 10*^ molecules cm~* • sec~*. Since the number of molecules re* 
quired to form a monolayer is 8.7 • 10*'* cm"*, such an adsorbed layer 
would be obtained in about 2 sec. Hence, in order to obtain a life of 
several thousand hours the residual pressure of oxygen must be less than 
about lO”"® micron. 

The mechanism by means of which the residual pressure is reduced by 
a getter is often quite complex and not always understood thorou^ly. 
In some cases the action is purely chemical; the getter, such as barium, 
combines chemically with residual hydrogen, oxygen, nitrogen, and so 
forth. This reaction may occur as a result of collisions between barimn 
atoms (^l^ined by evaporation of the metel and molecules of the i^idiial 
gases. Or the. gas molecules may combine with the metal deposit -by 
two successive processes: adsorption, followed by diffusion into the mnm 
layers. In this manner the metal can combine with e much ; greater 
amount of gas than that required to form a monotayeT. Thus the gei- 
tering action may be one of two types or a combination of them. Th^ 

* See discussion in seotibn 8. 

* A detailed disouSaon of the effects of gases on emisdon is given by A. L. Rei- 

mann, EmUtian, John Wiley & Sons, New York, 1934. See aisp review 

by 8. Diidunan, Modem Phyt., S, 381 (1930). 
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two types have been described by L. F. Ehrke and C. M. Slack® as 
follows: 

1. Dispersal gettering in which clean-up takes place while the getter is being dis- 
persed or volatilized in the presence of the gas to be cleaned up. 

2. Cont4ict gettering, in which a previously vaporized getter acts to clean up any 
gas which may be introduced into its presence. This term is also applied to the 
getter action which may continue after volatilization ceases in case of dispersal 
gettering. 

Still another type of clean-up occurs when voltage is applied between 
the anode and hot cathode. This has been designated voltage clean-^upj^ 
and it is due to interaction between electrons emitted from the cathode 
and the molecules in the gas. The latter may be dissociated to form 
atoms that are extremely active chemically. Such dissociation may 
also be produced, as in the case of hydrogen, by contact of the hydrogen 
with a tungsten filament operated at temperatures above 2000"^ K. 
Furthermore, as a result of collisions between electrons and molecules, 
excited molecules and positive ions are formed, as mentioned previously. 
Under the action of the applied voltage the ions are driven with high 
velocities into the negatively charged walls and electrodes. The re- 
tention by the latter of the gas thus cleaned up depends in a very com- 
plex manner on the temperature, on the nature of getter deposit and of 
electrodes^ and on the pressure of gas. 


PART A. CHEMICAL CLEAN-UP 

2. CLEAN-UP OF GASES BY EVAPORATED METALS® 

The use of calcium for the production of high vacua was first proposed, 
as mentioned previously, by F. Soddy.® He found that in a gas at 
reasonably low pressure the heating of calcium to a temperature at which 
it begins to volatilize would cause the pressure to decrease rapidly to a 

® J. Applied Phys.y 11, 129 (1940). 

^ This topic is discussed below in section 6 and subsequent sections. 

®An extremely comprehensive review of the subject entitled '^Gettering and 
Getters^’ has been published in Ldght MetodSy January, 1944, p. 34, and February, 
p. 77. The first part reviews the scientific investigations; the second part reviews 
the patent literature, methods of attaching the getters in production of tubes, and 
chemical methods of obtaining the getters. 

Another reference, of which the writer was unable to obtain a copy, is a 
book by Martin Littman, entitled Getteretoffe und ihre Anwendung in der Hock- 
vakuumtechniky published by C. F. Winter'sche Verlagsbuchhandlung, Leipzig, 1938. 
According to a review in Z. Elektrochem,, 46, 431 (1939), the contents deal krgely 
with fabrication problems. 

• Proc. Boy. Soc. London^ A, 78, 429 (1907). 
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point at which the gas is '‘non-conducting/^ For heating the calcium 
Soddy recommended either a small quartz-tube furnace wound with 
platinum wire, or an inductive method of heating (analogous to that 
available from a high-frequency equipment). No data were given by 
Soddy about the degree of vacuum actually attained or the rate of clean- 
up. As an indicator of the degree of vacuum, he used a spectrum tube 
and described his results as follows: 

If the apparatus (consisting of a large vessel in which is contained the quartz-tube 
furnace), charged with a small piece of calcium, and furnished with a PlUcker spec- 
trum tube, is exhausted by a Fleuss pump and the furnace heated, gases consisting of 
compounds of hydrogen, carbon, and oxygen are given out by the calcium. If the 
connection with the pump is then shut off and the heating continued, absorption of 
the remaining gases accompanied by volatilization of the calcium takes place, and 
the vacuum rises almost instantly to a point at which no discharge can be passed 
through the spectrum tube. By a non-conducting vacuum is to be understood one 
of greater resistance than an alternative spark gap in air of 2 to 3 cm. 

Soddy observed that CO, CO2, H2O, C2N2, SO2, NH3, and oxides of 
nitrogen are all readily cleaned up. The absorption of hydrogen is not so 
great. He states: 

There is no doubt that a low initial pressure, not exceeding a few millimeters of 
mercury, is as essential a condition in causing calcium to combine with gases as a 
high temperature. For rapid and continuous absorption, volatilization is essential. 
The film of volatilized metal continues, even in the cold, to absorb, although more 
slowly, than the vapor itself. 

Argon, helium, and the other rare gases are, of course, not cleaned up 
by calcium, so that this method has proved useful for the purification of 
the rare gases. J. H. Clough^ found that for this purpose the best results 
are obtained by means of a discharge tube containing a solid calcium 
anode and robust tungsten filament as cathode. The two electrodes are 
placed fairly close to each other, and on lighting the filament it is pos- 
sible to start an arc in the rare gases at very low voltages. Under the 
action of the arc, the calcium at the anode is gradually volatilized and 
the chemically active gases are absorbed. 

Clough also observed that titanium and magnesium are very effective 
as clean-up metals when used in the above manner. There is some 
evidence, according to G. M. J. Mackay,® that the reaction here is not 
altogether a purely chemical one. "Apparently the arc activates the 
gaseous impurities so that they combine more readily with the chemical 
agents (calcium, etc.), in the bulb.’* 

In order to obtain some data on the practical value of the calcium 

^ Patent Specification 1,246,064 (1917), 

^ Patent Specification 1,208,597 (1917). 
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reaction in cleaning up residual gases, C. A. Kidner and the writer carried 
out some experiments with hydrogen. This gas was chosen because it is 
the most difficult to clean up and also because it is a very frequent con- 
stituent of residual gases present in high-vacuum devices. 

Calcium in the form of wire was laid inside a tungsten spiral, so that 
it could be heated by passing current through the spiral. By varying 

the filament current, the rate of vol- 
atilization could be controlled and 
the rate of clean-up measured under 
different conditions. The pressure 
was measured by a McLeod gauge, 
and the volume of the system con- 
taining hydrogen was 2500 cm^. In 
one experiment, the pressure was 
decreased from 200 to 3 microns (ap- 
proximately) in almost 30 minutes. 
At the end of this period practically 
all the calcium had been volatilized 
and it covered the sides of the bulb. 

, , It was observed that the rate of 

Fio. 1. Arrangement of bulb and gauge clean-up increases with the rate of 
for tests on clean-up by getters evaporation of the calcium and is 
(Andrews), ' apparently proportional to the pres- 

sure of hydrogen. 

Similar experiments were tried with magnesium, but no noticeable 
clean-up was observed. Soddy found that strontium and barium act 
like calcium, but as calcium can now be obtained commercially in very 
pure form it is much more convenient for practical application. Soddy 
also observed that the presence of CaH 2 in the calcium makes the metal 
much more difficult to volatilize. 

. Some experiments, carried out in 1921 at higher pressures (7.5 to 75 
microns) by C. A. Kidner and the writer showed that the calcium de- 
posit on the glass does not adsorb either hydrogen or oxygen to any 
marked extent. Even active hydrogen (formed by heating a tungsten 
filament to a high temperature in the hydrogen) is only slightly ad- 
sorbed by the cold calcium deposit. On the other hand, in some earlier 
experiments in which an ionization gauge was used, it was observed that 
with a low initial pressure of hydrogen the calcium deposit cleaned up 
the gas gradually. Thus, in one case, the pressure in a sealed-off system 
of about 600-cm^ capacity decreased from 1.5 to 0.6 micron during the 
volatilization of the calcium (which occurred in a few minutes), and 
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subsequently the deposit continued to adsorb gas until at the end of 
2 hours the pressure had decreased to about 0.0006 micron. 

Subsequently, Mrs. M. R. Andrews and J. Bacon, in this laboratory, 
made a systematic investigation on the behavior of different getters in 
sealed-off tubes.^ A 40-watt lamp bulb A (see Fig. 1) containing the 
getter was connected to an ionization gauge (B). The anode and leads 
of the gauge were of molybdemun and the filaments of tungsten, and aU 
metal parts were thoroughly degassed while on the pump. A liquid-air 



Weeks 

Fio. 2. Clean-up over a long period by magnesium getter in arrangement shown 
in Fig. 1. Plot 1, blank, without getter; plots 2 and 3, with getter not degassed; 
plot 4, with degassed getter. Lowest three plots with getter in molybdenum enve- 
lope, well degassed before flashing. 

trap was used between pump and getter system, and the getter was 
volatilized slowly before seal-off. Figure 2 shows results obtained 
with magnesium flashed by different methods. Plot 1 shows the variar 
tion in pressure with time for a bulb without getter, exhausted under the 
same conditions as the bulbs with getter. The next two lower plots 
(2 and 3) were obtained with magnesium flashed from a tungsten 
spiral without previous degassing. Plot 4 represents results for a sample 
of magnesium degassed by operating the spird at a red heat for 
about 15 minutes before the metal was vaponzed. The three lowest 
plots were obtained with magnesium in molybdenum envelopes, which 
vrere fborou^y de^iased before flashing. 

• /fWt., ail, 689 (1981). 
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The same difference between ordinary metal and degassed metal is 
illustrated in the plots in Fig. 3, for calcium. The two upper plots 
were obtained with metal which had been degassed for 15 minutes in 
the tungsten spiral; the three lower plots were obtained with metal 
which was vaporized for a period of 2 hours. 

The behavior of sodium, illustrated in Fig. 4, is ^ery interesting. The 
three upper plots were obtained with pellets consisting of NaCl + Ca 
in a metal case. On flashing these at high temperatures sodium is 



Weeks 

Fig. 3. Clean-up over a long period by calcium getter in arrangement shown in 
Fig. 1 . Two upper plots obtained with metal degassed for 15 minutes before flashing; 
three lower plots, with metal vaporized for 2 hours. 

formed and condenses on the bulb wall The lowest two plots were 
obtained with metal formed on the bulb wall by electrolysis of the glass 
in the usual manner. Evidently the latter procedure produces a much 
more gas-free metal and the resulting vacuum was much better (0.0001 
to 0.001 microbar) than with any of the other getters. 

The order in which getters may be rated as clean-up reagents for most 
gases corresponds roughly to the chemical activity. Thus cesium, is the 
most active metal, but its relatively high vapor pressure and ready 
tendency to produce positive ions prevent its general use. Sodium 
ranks as a clean-up reagent, although, even in that case, the fact that 
the metal has an appreciable vapor pressure at 200® C is an objection. 
Of the alkaline-earth metals, barium is the most eflScient, but it is diflS- 
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cult to use because it is readily oxidizable. This difficulty has been 
overcome to some extent by using it in the form of an alloy with alumi- 
num.^® On the other hand, calcium is not so readily oxidizable and is 
almost as efficient as barium. Magnesium cleans up oxygen to a pres- 
sure sufficiently low for the operation of thoriated filaments but is not 
as active as the other getters for hydrogen and nitrogen. However, its 
freedom from oxidation in air and the relative ease with which it can be 
fastened to the anode have led to its general use (until recently) in the 
manufacture of radio tubes. 



0 2 4 6 8 10 12 14 16 

Weeks 


Fia. 4. Clean>up over a long period by sodium getter in arrangement shown in 
Fig. 1. Three upper plots obtained by means of pellets of NaCl -f Ca; two lower 
plots with sodium produced by electrolysis of the glass. The point LA was obtained 
with bulb at liquid-air temperature. 

A. L. Reimann^^ has investigated the clean-up of gases by evaporation 
of magnesium, calcium, and barium. The apparatus used by him for 
observing clean-up of hydrogen by magnesium is shown in Fig. 5. It 
consisted of a bulb B containing the magnesium and, connected to this 
by wide tubing, a Pirani manometer M. In B were sealed an oxide- 
coated filament F, a nickel mesh anode A, and a nickel disk D, which 
was well degassed and to which was welded a piece of very pure mag- 
nesium ribbon. 

The disk was so arranged that by tilting the apparatus it could be made to take up 
position 1 or 2. This made it possible to heat the anode by Eigh frequency without 

^ Bee discussion in section 3. 

PhU, Mag., 16 , 673 (1933); 16 , 1117 (1934). 
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at the same time dispersing the magnesium when the disk was in position 2. The 
Pirani gauge contained two independent stabilized tungsten spiral filaments which 
were flashed in vacuum before use.^^ 


A palladium tube, Pd, was used to introduce hydrogen into the well- 
evacuated system. 

The most significant conclusions from Reimann^s observations on the 

clean-up of hydrogen by magnesium 
are as follows: 

1. A clean magnesium surface takes 
up very large amounts of hydrogen. 
In one experiment the gettered de- 
posit contained about one-sixth as 
many atoms of hydrogen as of mag- 
nesium. 

2. The process of clean-up is one 
of “contact gettering,^^ and the hy- 
drogen diffuses inwards rapidly. 

3. Hydrogen is also cleaned up 
during the slow evaporation of the 
magnesium. “The evidence is that 
this is also contact gettering.^^ 

4. Atomic hydrogen and hydrogen 
ions, produced by passing current be- 
tween the electrodes in bulb P, in a 
low pressure of the gas, are cleaned up 
much more rapidly than the molecu- 
lar form. 

5. A considerable portion of the 
gas thus absorbed is re-evolved when 
the ionizing discharge is stopped. 

6. The hydrogen cleaned up by 
contact gettering may also be re- 
liberated from the deposit if it is 
bombarded with electrons or with 
ionized carbon monoxide. 

Using an arrangement similar to 
that described above, Reimann also 
carried out a series of experiments on the clean-up of other gases as well 
as hydrogen, by magnesium, calcium, and barium. One interesting 

This and subsequent quotations, unless otheirwise Indicated, are taken from the 
review, in Ldght Melals^ cited in footnote 5. 



Fig. 6. Apparatus used by Reimann 
for investigating clean-up of hydrogen 
by magnesium: R, bulb containing 
magnesium; Af, Pirani gauge; F, 
oxide-coated filament; A, nickel mesh 
anode; P, degassed nickel disk. 
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fact brought out in this work and confirmed by other investigators is 
the difference in efl&ciency of gettering between ordinary bright barium 
and ^^black^^ barium. The former is obtained by slow evaporation of the 
metal in good vacuum; the latter, by rapid evaporation in the presence 
of a relatively high pressure of nitrogen. The black form is much supe- 
rior in gettering power, probably because it is in a much finer state of 
division than the barium which forms as a bright deposit. As sum- 
marized in the review in Ldght Metals^ 

Reimann's general conclusions are: 

(1) Both speed and capacity in the contact gettering of a given gas generally 
increase in the order: magnesium, calcium, bright barium (deposited under good 
vacuum condition), and black barium (deposited under relatively gassy conditions). 

(2) In most cases of contact gettering the getter takes up much more gas than 
would cover its apparent surface with a monomolecular layer before showing signs 
of “fatigue.’’ The gas may either combine chemically with the getter or be adsorbed 
on its surface. Adsorption is usually followed by diffusion into the interior of the 
getter deposit. 

(3) In general, a rise in temperature accelerates the absorption of further gas, 
probably by promoting diffusion. 

(4) A gas which has been absorbed by a getter without forming a chemical com- 
pound with it may be reliberated (a) by virtue of its “vapor pressure,’’ which in- 
creases strongly with both concentration and temperature, (5) by being displaced 
by another gas which combines with the getter, (c) by impinging electrons (even 
quite slow ones), or (d) by positive ions. 

(6) Electric-discharge gettering may be regarded as the contact gettering of 
particles which are a direct or indirect product of the discharge, and which differ 
from the ordinary molecules of the gas. Examples of such particles are positive ions, 
metastable molecules, and single atoms. In some cases the products of the discharge 
form with the getter a stable chemical compound, where none would be formed by 
mere contact gettering of the ordinary molecules. 

A very comprehensive investigation has been carried out by L. F. 
Ehrke and C. M. Slack*® on the relative gettering efficiencies of a number 
of metals for different gases, in the absence of any electric discharge. A 
detailed description is given in the original paper of the methods adopted 
in each case for obtaining quantitative determinations of the amount of 
getter evaporated and of the quantity of gas cleaned up. 

One very important conclusion confirmed by this investigation is that 
regarding “the superior gettering powers of the diffuse layers produced 
by vaporizing the getter in the presence of a gas, as compared to those of 
the bright getter deposits produced in a high vacuum.” In order to 
obtain su<^h diffuse deposits free of adsorbed gas, the vaporization was 
carried out in l'-3 mm of argon. “In the case of barium,” the investi- 
gators state, “such a layer is black and the exposed side resembles a layer 

^J. AvtUM Phva., 11, 129 (1940). 



664 CLEAN-UP OF GASES AT LOW PRESSURES [Chap. 10 

of lampblack when viewed by the naked eye. Magnesium and alumi- 
num treated in this way yielded layers of varying shades of gray.” 

From the chemical formula of the compound formed the theoretical 
efficiency of a getter may be readily calculated thus: 

Let MXn represent the formula where M represents the atomic weight 
of the metal, and X that of the non-metallic element (the molecular 
weight of which is assumed to be X 2 ). Then, 

„ « 22,415 X 298 , , 

M gram = „ X r— atm • cm of gas at 25 C. 

/ o 


Hence 

9296 

1 mg = n X -rr* micron • liters at 25° C. 

M 

Table 1 gives values of the ratio, /x • liters per mg, for a number of metals 
used as getters and for the three gases hydrogen, nitrogen, and oxygen. 

TABLE 1 

Volume of Gas per Unit Mass of Metal for Formation of 
Chemical Compound 


M • liters/mg for 


Metal 

M 

9296/M 

Oxide 

Nitride 

Hydride 

Magnesium 

24.32 

382.2 

382.2 

254.8 

764.4 

Aluminum 

26.97 

344.6 

516.9 

344.6 

— ’ 

Silicon 

28.06 

331.3 

662.6 

— 

1325.2 

Calcium 

40.08 

231.9 

231.9 

154.6 

463.8 

Titanium 

47.90 

194.1 

‘ 388.2 

194.1 

(388.2) 

Strontium 

87.63 

106.1 

106.1 

70.8 

212.3 

Zirconium 

91.22 

101.9 

203.8 

101.9 

(203.8) 

Barium 

137.36 

67.67 

67.7 

45.1 

135.4 

Lanthanum 

138.92 

66.91 

100.4 

— 

(200.8) 

Cerium 

140.13 

66.36 

132.7 

66.4 

(265.4) 

Thorium 

232.12 

40.05 

80.1 

40.1 

(120.2) 

Uranium 

238.07 

39.04 

53.6 

— 

— 


The figures in parentheses are based on the assumption that the 
hydrides obey stoichiometric relations, which, as discussed in the pre- 
vious chapter, is not actually true for many of these metals. 

A summary of the results observed by Ehrke and Slack is given in 
Table 2. The theoretical values in the last column are taken from the 
previous table. The superiority of gettering by diffuse deposits is evi- 
dent, as is also the fact that barium and misch metal were the most 
active. 
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TABLE 2 


Volume of Gas Cleaned up per Unit Mass of Metal (Ehrke and Slack) 


Getter 

Gas 

Micron • 

liters per mg Cleaned up 

Bright 

Deposit 

Diffuse 

Deposit 

Theoretical 

Value 

Aluminum 

0 * 

ignH 

38.6 

516.9 


N2, H2, C02 


None 


Magnesium 

02 

20 

202 

382.2 


C02 

None 

Slight 



N2, H2 

None at room 

None at room 




temperature 

temperature 


Thorium 

02 

7.45 

33.15 



Hs 

19.45 

53.7 


Uranium 

O2 


9.26 

53.6 


H2 

8.9 

21.6 


Misch metal 

O2 

21.2 

50.9 

100-133 


Ha 

46.1 

63.9 

200-265 


N2 

3.18 

16.1 

66 


CO2 

2.2 

44.8 


Barium 

O2 

15.2 

45 

67.7 


H2 

87.5 

73.0 

135.4 


N2 

9.5 

36.1 

45.1 


CO2 

5.21 

59.5 



With regard to the nature of each of the getters the following remarks 
are of interest. Both the aluminum and magnesium were in the form of 
wire twisted around the turns of a tungsten coil. Difficulty was ex- 
perienced in degassing these metals without causing some evaporation. 
With neither getter was it possible to clean up nitrogen, hydrogen, or 
carbon dioxide, either at room temperature or by heating the deposit to 
200® C or even higher. The clean-up of oxygen by diffuse magnesium 
appeared to be permanent since no gas evolution occurred even on heat- 
ing the deposit to 266° C. 

No clean-up was observed in the case of hydrogen and nitrogen. 
However, a deposited layer of magnesium will clean up the gas in the 
presence of an electrical discharge. This is in accord with Reimann’s 
observations, and the conclusion drawn is that “It is probable that the 
use of magnesium in radio tubes and similar devices has been successful 
largely because of the presence of ionization in such devices.” 

Barium was found to be the best clean-up reagent. It was obtained 
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from two commercial products: Batalum and “KIC” getter, which are 
described in the following section. “The batalum getter,” according 
to Ehrke and Slack, “was found to exert a very powerful clean-up action 
when vaporized in the presence of air. On the other hand, when flashed 
in a high vacuum after careful degassing, its gettering powers were much 
diminished.” For this reason the experiments 'were carried out by 
evaporating the getter in the presence of argon, to sdeld a diffuse deposit. 
The quantitative determinations mentioned in Table 2 were made with 
the KIC getter, and they refer to the amounts cleaned up at room 
temperature. Heating the deposits to 200° C caused additional clean- 
up, but further heating to 300° C caused evolution of nitrogen and 
hydrogen which had been taken up at the lower temperature. In the 
presence of mercury vapor barium is ineffective as a getter. 

As is evident from the data in Table 2, misch metal was found to have 
about the same gettering power as barium. The active constituents in 
this alloy are chiefly cerium and lanthanum. Small slugs of the metal 
were inserted into tungsten coils and evaporated by passing current 
through the coil. 

The thorium and uranium, in the form of small pieces of wire, were 
used in the same manner as the misch metal, and both diffuse and bright 
deposits were obtained by evaporation. Though these metals proved 
to be effective getters for hydrogen and oxygen, they are rather incon- 
venient to use on account of the high temperature required for flashing,*^ 
and the presence of oxides on the surface. 

Ehrke and Slack also carried out some experiments with zirconium, 
which will be discussed in a subsequent section dealing with the use of 
this metal as a getter. 

From their observations these investigators concluded that the clean- 
up by the deposits formed as a result of evaporation of the metals is of 
the “contact gettering” type. This is in accord with the statement that 
normally the area covered by the deposit was about 75 cm®. Now to 
form a monolayer of oxygen or hydrogen about 2.5 • KT"® micron • liter • 
cm“® is required, and, though no indication is given in the paper regarding 
actual quantity of metal per square centimeter of deposit, it may be 
assumed that the amounts of gas cleaned up were of the same order of 
magnitude as that required to form monolayers. 

In agreement with the observations mentioned above, J. E. De Graaf 
and H. C. Hamaker*® found that the efficiency of a bariiun getter can be 

This is in accord with the vapor-pressure data for these metals given in Table 

11 . 2 . 

« Phynca, », 297 (1942). 
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improved considerably by evaporating the metal in 6 mm of argon. 
They state, 

With nitrogen, carbon monoxide, or carbon dioxide good results can be obtained, but 
the pressure must be lower (about 0.4 mm) since otherwise too much of the gas is 
adsorbed during evaporation. ... A satisfactory black barium layer can also be 
produced by means of gas evolved from the getter pellet during evaporation; for 
instance, if we add some barium nitride or carbonate to the barium metal, nitrogen 
or carbon dioxide will be developed upon heating so that the introduction of special 
gases into the apparatus can be dispensed with. 

Nickel-clad barium was used in this investigation. The gas content 
varied widely for different samples, but a sample which gave satisfactory 
results evolved a total volume of 678 mm^ (S.T.P.) from 80 mg of metal. 
The percentage composition of the gas evolved was as follows: H 2 , 57.5; 
N 2 , 38.3; CO, 3.5; and CO 2 , 0.7. Since this amount of gas would react 
with about 10 per cent of the barium, it has been suggested that the 
getter should be degassed before evaporation of the metal. However, 
De Graaf and Hamaker have found that ''rapid evaporation without 
pumping will frequently lead to much better results. 

One important factor stressed in this work is the effect of temperature 
on the clean-up by the barium deposit. They state, 

If the glass bulb is cooled with liquid air during barium evaporation the activity of 
the deposit increases, whereas by heating to 200° C its capacity is diminished. This 
decrease is specially pronounced with a glass underlayer which is probably due to a 
reaction of the barium with some constituents of the glass. An evolution of gas 
from the glass, followed by adsorption, seems less likely considering that the bulb 
was previously degassed at 450° C. But even when the barium is condensed on a 
metal surface, thoroughly outgassed by high-frequency induction, its activity is 
found to decrease upon heating to 200° C. These observations suggest recrystalliza- 
tion leading to a coarser structure and a reduced adsorption. 

On the other hand [they continuel, the activity of a deposit will be increased if the 
tube is constantly kept at a higher temperature. 

That is, a deposit heated and cooled to room temperature has a lower 
activity than one that has not been treated at higher temperature; hut 
if the adsorption is also carried out at higher temperature^ the activity is in- 
creased! The observations lead to the conclusion that the rate of de- 
crease of pressure can be represented at any temperature by a relation 
of the form 

( 1 ) 

where V <= volume; A * area of barium deposit, $ «= fraction of surface 
alreMy covered with adsorbed gas, b = constant, and Q » energy of 
activation. 
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For a fresh black barium layer, the values of Q observed varied from 
900 cal/mole for nitrogen to 1300 cal/mole for hydrogen. With less ac- 
tive surfaces (produced by heat treatment or evaporation under unfavor- 
able conditions) the values of Q observed were as high as 9000 cal/mole 
for both hydrogen and nitrogen. 

The sorption of nitrogen takes place with formation of Ba 3 N 2 , as shown 
by the evolution of ammonia when the deposit is moistened after sorption 
of the gas. *^The sorption, it is stated, ‘^roughly takes place in two 
stages: a rapid stage by which about 16 mg or 20 per cent of the barium 
available react, followed by a slow sorption by which an additional 40 
mg or 50 per cent of the metal are converted into nitride.*^ 

Hydrogen is adsorbed with formation of BaH 2 , and ‘^the deposit 
changes into a transparent layer. Even after all the metal has reacted, 
hydrogen sorption continues. This has been interpreted as a solution of 
hydrogen in the hydride. 

Of special interest is the following observation by the same investiga- 
tors. *^When a barium layer,” they state, ^^is left in contact with dry 
O 2 , CO, or CO 2 for a considerable time, it still retains its black appearance 
so that with these gases we have a reaction or adsorption on the surface 
only and no diffusion through the resulting layer.” This result is evi- 
dently at variance with that obtained by Ehrke and Slack. 

In conclusion De Graaf and Hamaker state that, for optimum getter 
action by barium, the temperature of the deposit should not exceed 
150° C, if the pressure is to remain at less than 10""^ mm Hg. 

8. TECHNICAL GETTERS^® 

For use in the commercial production of electronic devices, the getter 
should, in general, be in a form which can be volatilized by high-fre- 
quency heating. The criteria for the choice of a satisfactory getter have 
been described by E. A. Lederer and D. H. Wamsley^^ as follows: 

It is required that the getter material shall be chemically inert during the assembly 
of the vacuum device. After mechanical exhaustion it should become highly active 
chemically. The transformation from the inactive to the active state is carried out 
by the application of heat. The technique is as follows: 

(o) A change in the chemical modification; example: phosphorus. 

(b) Evaporation of active metals, protected by oxide films; example: magnesium. 

(c) Vaporization of active material from an alloy which is inert at room tempera- 
ture; example: Ba-Al alloy. 

This section is based to a large extent on the review, mentioned previously, in 
Light Metalsy February, 1944, p. 77. This gives a review of the patent literature and 
data on the composition, sizes, etc., of commercially available getters. 

RCA Rev., July, 1937, p. 117. 
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(d) Active material protected by metal case; example: copper-clad barium. 

(e) Production of active material inside the vacuum device by means of a chemical 
reaction; example: the cesium dichromate and silicon reaction to form cesium metal. 

Also, for mass production of all-metal tubes, the requirements to be 
fulfilled are stated to be as follows: 

1. The getter deposit should consist mainly of barium metal. 

2. Complete control with respect to time and quantity of getter flash is essential. 

3. Complete control over place of deposition of getter flash is essential. 

4. It is preferable to flash getter while metal envelope is cold after completion of 
degassing and exhaust. 

5. Low vapor pressure of getter deposit at highest temperatures encountered 
during final processing and operation of tubes is essential. 

The fact that the efficient getters are all metals which are more or less 
readily oxidizable on exposure to air has led to the development of alloys 
of these metals with less oxidizable metals, such as Ba-Al, Mg-Al, and 
so forth, and also to combinations such as copper-clad or nickel-clad 
barium cited above. Calcium or barium coated with magnesium has 
also been proposed. 

KIC getter wire^* is manufactured [according to Ehrke and Slack] by filling an 
0.080 in. iron tube with liquid barium in vacuum, drawing down the composite wire 
thus formed to 0.020 in. or 0.030 in. and then grinding one side flat to a thickness of 
about 0.003 in. of iron over the barium core. This wire may be heated by the passage 
of current through it or, if suitably disposed, by high-frequency heating. The getter 
is degassed by heating to about 750® C and the barium diffuses through the thin side 
of the wire when the temperature reaches about 850® C. 

These investigators also found that a length of 1 cm of getter wire of 
0.02-in. diameter mounted on 0,020-in. nickel leads yielded, on the aver- 
age, 2.35 mg barium under the flashing conditions used. 

Batalum getter, developed by Lederer and Wamsley,^® functions in 
much the same manner as the silicon-cesium dichromate getter for the 
production of cesium in photocells. The first form of this getter con- 
sisted of a mixture of barium and strontium carbonates, coated or 
sprayed on a tantalum wire. At 800-1 100® C the carbonates dissociate 
to form the oxides, and at about 1200® C the oxides react with the tan- 
talum to form metallic barium. More recently Lederer^® has found it 
advantageous to replace the carbonates by barium berylliate which is 
obtained by means of the reaction. 

BaCOs + BeO = BaBe02 “b CO 2 . 

Made by the Kemet Laboratories, Cleveland, Ohio. 

I^gc, dt 

RCA Rev.f January, 1940, p. 310. 
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The mixture of carbonate and beryllium oxide is fired in hydrogen at 
about 1065° C and then refired in air at 1250-1275° C. The proportions 
normally used are BaO:BeO = 1:2.4. The average yield of barium 
obtained by flashing the berylliate getter is about 60 per cent, which is 
higher than the 3deld of 40 per cent reported in the earlier paper for the 
carbonate coating. ' 

Lederer and Wamsley state that, 

Calcium, lithium, and magnesium may be formed from their carbonates by the same 
technique, but they do not compare with barium and strontium for gettering rate and 
stability of compound formed. 

Table 11.2 gives data on the vapor pressures of barium and the other 
metals mentioned for use as getters. 

Other methods which have been utilized for the preparation of pure 
barium and other alkaline-earth metals involve the use of aluminum, 
and silicon.^^ 


4. CLEAN-UP BY ZIRCONIUM AND TITANIUM 

In the previous chapter mention has been made of the observations 
on the sorption of hydrogen and other gases by zirconium, titanium, and 
the rare-earth metals. 

Hydrogen is taken up very rapidly by metallic zirconium. According 
to J. H. de Boer and J. D. Fast^^ the sorption begins when the zirconium 
is heated to about 400° C and is completed at 500° C. As the tempera- 
ture is increased, the metal gives up hydrogen, but at 850° C the hydro- 
gen is again taken up during the transition from atop zirconium. With 
further increase in temperature above 880° C, hydrogen is evolved. The 
sorption and desorption are reversible with decrease in temperature. 

A significant phenomenon [as the investigators state] is the fact that when the 
hydrogen pressure has decreased (at a given temperature) to a constant value, and 
then the heating is suddenly interrupted, the pressure decreases abruptly during the 
short interval of cooling. During the very rapid passage from the higW tempera- 
ture to room temperature, therefore, a large amount of hydrogen is quickly taken up. 
This behavior was only observed for initial temperatures above 1200® K. 

It would appear that preliminary heating to a high temperature is a 
necessary condition for the sorption of hydrogen at lower temperatures. 

As shown in Table 9.16, the solubility of hydrogen in zirconium at room 
temperature is about 1500 volumes (measured at 1 atm) per volume of 

M. Guntz, Compt rend., 143, 339 (1906); P. S. Danner, /. Am. Chm. Soc., 46, 
2382 (1924). 

** C. Matignon, Compt. rend., 166, 1378 (1913). Both methods are described fully 
in the review in Ldght Metals cited in footnote 5. 

Rec. trm, chim., 66 , 360 (1936). 
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metal. This solubility decreases only about 10 per cent with increase in 
temperature to 500° C, and then decreases much more rapidly with 
further increase in temperature. 

The results of an investigation on the sorption of oxygen and nitrogen 
by zirconium are reported by the same investigators in a second paper.^^ 
They state, 

Oxygen as well as nitrogen dissolves homogeneously in metallic zireonium. When a 
zirconium rod, which is covered with a thick white oxide layer, is heated in vacuo 
the metallic luster reappears. 

The solubility of the above gases in both zirconium and titanium at 
high temperatures is considerable. This is of advantage in using these 
metals as clean-up agents, since the film of oxide formed by exposure to 
air disappears when the metal is heated, and it is therefore possible for 
further clean-up of gas to occur in the sealed-off tube containing a fila- 
ment of zirconium or titanium. 

According to J. D. Fast,^^ who has investigated comprehensively the 
getter action of zirconium, the chemical activity of the elements in the 
fourth group of the periodic system increases in the order titanium, zir- 
conium, hafnium, thorium. However, thorium does not dissolve nitro- 
gen and oxygen to any appreciable extent, and most attention has been 
given to the use of zirconium. Fast states. 

The gas pressures with which the saturated solutions of oxygen or nitrogen in 
zirconium remain in equilibrium are too low for direct measurement. Even at a 
temperature of 1500° C, the saturation is in any case less than 10~® atmosphere, 
whilst for oxygen and nitrogen contents far below the saturation limit, the equilibrium 
pressures are of course much lower still. The result of this is that, when zirconium 
is heated to a high temperature in a closed space in an atmosphere of oxygen, nitrogen, 
or mixtures of these gases, the gas is absorbed, with the exception of immeasurably 
small quantities, provided there is a sufficiently large surplus of metal. A better 
high vacuum is produced than can be obtained with the best high-vacuum pumps. 

For the absorption of hydrogen the most favorable temperature is 
stated to be 300--400° C, and for the absorption of all other gases (except, 
of course, those of the rare-gas group) about 1400° C, although the reac- 
tion occurs in the range 1000-1600° C. 

Ehrke and Slack^® have reported the following results obtained by use 
of a zirconium ribbon which could be heated to the desired temperature 
by passing current through it. Nitrogen was only slightly cleaned up at 
1627° C. Clean-up of oxygen set in at about 885° C, and the rate in- 
creased with temperature to a high value at 1142° C. On further heat- 
ing to 1452° C there was a slight evolution of gas. Clean-up of hydrogen 

lUe. itav, chim., 55, 459 (1936). 

« FocU Prints, 10, No. 2, p. 1 (1937). 

*^L0c,cit. 
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set in at 760° C and increased with increase in temperature to as high as 
1400° C. These observations are evidently at variance with those 
reported by Fast. 

S. Hukagawa and J. Nambo^^ have reported on the sorption of gases 
by finely divided zirconium powder. The powder was mixed with a 
binder and sprayed on a molybdenum ribbon, which was then heated to 
1100° C in a vacuum furnace in order to produce an adherent coating of 
the powder. By passing current through a filament of the coated ribbon 
it was possible to determine by means of a Pirani gauge the amount of 
gas cleaned up. The optimum temperatures for sorption of different 
gases were found to be as follows: 

Gas: N 2 O 2 CO H 2 

Optimum temperature (°C): 600 200-800 500 550 

It was observed that in order to obtain appreciable sorption it was 
necessary to degas the filament well by heating it on the exhaust system 
for several hours at 1100° C. 

More recently, W. G. Guldner and L. A. Wooten have reported^^® 
results obtained in an investigation on the getter action of zirconium 
in the form of metal powder as well as that of ductile strip. 

The zirconium powder, of which one sample had a specific area of 
0.83 square meter per gram, was applied to molybdenum anodes of a 
standard type by the spray method. Nitrocellulose dissolved in amyl 
acetate or colloidal silicic acid (for high-voltage tubes) was used as a 
binder for the powder. In some of the experiments zirconium hydride 
(containing 1,9 per cent by weight hydrogen) was used. 

After the anodes were outgassed at a temperature of 1000° C or 
higher, zirconium powder reacted with oxygen at 400° C, with nitrogen, 
carbon monoxide, and carbon dioxide at 500° to 800° C, and with 
hydrogen at 350° C. The volumes sorbed (in micron • liters per milli- 
gram) at the different temperatures were observed to be as follows: 


Oxygen 

at 400® C 

1.99 

Nitrogen 

at 500" C 

1.00 

Nitrogen 

at 800" C 

1.46 

Carbon monoxide 

at 500° C 

0.43 

Carbon monoxide 

at 800" C 

3.65 

Carbon dioxide 

at 500" C 

0.57 

Carbon dioxide 

at 800° C 

3.04 

Hydrogen 

at 360" C 

13.33 


Electrotech, J. {Japan), 6, 27 (1941). See C.A., 86, 7844 (1941). 

27® At the Phosphor Symposium of the Electrochemical Society, held at Columbus, 
Ohio, April 17, 1948. The authors kindly sent a copy of their paper to the writer, 
from which the passages quoted are taken. 
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‘^These are the amounts sorbed before the residual pressure over the 
zirconium exceeds In” By means of X-ray diffraction patterns it was 
shown that the oxide, nitride, and carbide are formed in these reactions. 

The optimum temperatures for clean-up of the gases were found to be 
above 400^^ C for oxygen, 300° C for hydrogen, and above 800° C for 
the other three gases. 

In the range 200 to 350° C, water vapor is cleaned up at about the same rate as 
oxygen ... In agreement with Hall, Martin and Rees, it has been found that the 
sorption characteristics, both as to rate and capacity, are affected by the purity of 
the zirconium used. 

The advantages of zirconium as a getter are stated to be as follows: 

1. Relatively large amounts of gas may be sorbed by zirconium at elevated 
temperature to pressures of less than lO"^ mm Hg. X-ray and electron diffraction 
analysis indicates that the gases can diffuse into the metal, thus leaving a pure metal 
surface for reaction with additional gas. 

2. Zirconium powder applied to a molybdenum anode with a silica binder and 
preheated at 1300° C in vacuum can be operated at a temperature of 800° C in 
vacuum without evolution of gas. 

3. With the exception of hydrogen, zirconium forms very stable solid solutions 
or compounds with the gases studied. 

Finally, zirconium possesses an advantage over barium and magnesium 
getters since mercury vapor does not interfere with its getter action. 

6. REACTIONS BETWEEN GASES AT LOW PRESSURES AND 
INCANDESCENT FILAMENTS 

In a series of investigations on the reactions between different gases and 
heated tungsten filaments, I. Langmuir made a number of observations 
of great significance in connection with high-vacuum technique.^® 

Clean-up of Oxygen,^® At temperatures above about 1260° K and at 
pressures below about 75 microns, the oxide WO 3 distils as fast as formed, 
leaving the surface clean. The rate of clean-up of oxygen at any given 
temperature (T) of the filament is found to be proportional to the pres- 
sure, that is, proportional to the rate at which oxygen molecules strike 
the tungsten surface. However, only a fraction, jS, of the molecules 
incident on the surface react with the tungsten. 

Let V = volume of the system, in cm®, 

Pfi = pressure at any instant, 

A = area of filament, in cm®, 

^ The earlier work on this subject has been reviewed by Langmuir in J, Am. 
Chem. See., 37, 1139 (1915). 

/. Am. Chm, Sac., 86, 106 (1913). 
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and we shall assume that the molecules possess a velocity corresponding 
to 26® C. 

Then the rate of clean-up is given by 

-nrV^^vMP,, ^ ( 1 ) 

where ni = number of molecules per cm® at 1 micron and 26° C 
= 3.240 • 10‘®. 

Pi = number of molecules incident on a surface per sec per cm® 
at 1 micron and 26° C 
= 3.60 • 10^^ 

Hence equation 1 becomes 

dP^ 1.111 • 10*fiAP^ 

dt ~ V ■ 


It follows that the pressure decreases with time I (in seconds) in accor- 
dance with the relation 


log - log PfL = 


1.111 • 10V^< 

2.303F 


(3) 


where P^o = pressure at < = 0. 

Hence the interval of time, A<o, required to reduce the pressure to 0.1 
of its initial value is 


2.073 -lO-^F 

— w~ 


( 4 ) 


The values of /3 actually observed by Langmuir for a series of tempera- 
tures are shown in Table 3. 


TABLE 3 

Values or the Accommodation” Coefficient for the Clean-up of Oxygen 

BY Tungsten* * 


TCK) 


TCK) 

/5 

1070 

0.00033 

2020 

0.049 

1270 

.0011 

2290 

.095 

1470 

.0053 

2520 

.12 

1570 

.0094 

2770 

.16 

1770 

.0255 




• Values given in J. Am. Chem. Soc,, 87, 1139 (1915). 
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Thus, for A = 0.1, 7 = 1000, and T = 1470, it follows from equation 
4 that = 6.62 minutes, and at T = 2290, Ato = 21.8 seconds. 

For the range T = 1070 to T = 1770, the values of /3 can be repre- 
sented as a function of T by a relation of the form 

\ogfi = A--t 

where the activation energy, Q = 2.303i?oB, is about 26,500 calories per 
mole oxygen. 

Clean-up of Nitrogen by Tungsten.^® At pressures below about 76 
microns and at filament temperatures ranging from 2500® K to 2800® K 
the rate of clean-up is constant down to pressures as low as 2 or 3 microns. 
At these temperatures the tungsten evaporates at an appreciable rate. 
As Langmuir states, 

A comparison of the amount of nitrogen cleaned up with the loss of weight of the 
filament showed that the ratio was the same as that in a compound of the formula 
WN 2 . This ratio still held if the temperature of the filament was raised several 
hundred degrees, where the rate of clean-up was over four hundred times more rapid. 
Measurements showed that the rate of loss in weight of the filament in low-pressure 
nitrogen was the same as in vacuum, so it was evident that the nitrogen did not 
attack the filament. 

It is evident that in this case /5 = 1, and the true reaction velocity is 
identical with that of the rate of evaporation of tungsten. On the basis 
of the revised data published by H. A. Jones and I. Langmuir, the rate 
of evaporation of tungsten, as a function of T, is given by the relation 

40 650 

log G (gram • cm"”^ • sec*"^) = 9.28 — 0.5 log T — 

Since 1 gram tungsten combines with 121.9 cm^ of nitrogen (S.T.P.) to 
form WN 2 , the rate of clean-up (q) in terms of cm^ (S.T.P.) per sec per 
cm^ of tungsten surface is given by 

40 650 

log q = 11.366 - 0.6 log T - • 

Thus at r = 2800, q -7.9- 10“^ cm^ per cm^ per minute « 0.659 
micron • liter (25® C) per cm^ per minute. 

At lower pressures the rate of clean-up is no longer constant because 
tiie tungsten atoms can travel directly to the walls without colliding with 
nitrogen molecules. However, on cooling the bulb containing the filament 

•V. Am. Chm. 80 c., 86 , 931 (1913); 87, 1139 (1916). 

Gen. JSlec. Bw,, 80, 810, 354 (1927), 
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in liquid air, it is found that the tungsten atoms combine with nitrogen 
molecules adsorbed on the glass, with the result that the rate of clean-up 
maintains a constant value down to materially lower pressures than ob- 
served for the bulb at room temperature. 

This observation has been applied by Langmuir, and subsequently 
by the writer, to improve the vacuum in a sealed-dff bulb containing a hot 
cathode, so that emission data could be obtained from a surface as free 
as possible of adsorbed gases. 

Some experiments carried out in this laboratory by H. Huthsteiner and 
C. A. Kidner to determine the degree of vacuum attainable by this 
method yielded the following typical results. Using a hairpin filament 
about 0.0076 cm in diameter and 7.5 cm long, with nickel leads heavy 
enough (0.1-cm diameter) not to become excessively heated, it was 
possible by increasing the temperature of the filament to 2700° K to 
obtain a clean-up from about 0.02 microbar to 0.0015 microbar, the pres- 
sure being measured by an ionization gauge attached to the bulb. An 
appendix sealed onto the system, consisting of the gauge and bulb, was 
then immersed in liquid air, and on the filament being heated to 2700° K 
the pressure was observed to decrease to 0.001 microbar (0.00075 
micron). 

In another experiment in which the bulb containing the tungsten fila- 
ment was wholly immersed in liquid air during evaporation of the tung- 
sten, the pressure was decreased from about 0,1 microbar to 0.005 micro- 
bar. Taking into account the fact that during these experiments the 
ionization gauge itself was not immersed in liquid air, there is no doubt 
that .the degree of vacuum attainable in Langmuir's experiments must 
have been better than 0.0005 microbar and most probably nearer 0.0001 
microbar. 

Clean-up of Carbon Monoxide by Tungsten. With the bulb at room 
temperature, according to Langmuir, 

carbon monoxide was observed to behave exactly like nitrogen. In fact, with the 
filament at a given temperature, the curves obtained first with nitrogen and then 
with carbon monoxide proved to be identical. This proved that each atom of 
tungsten combined with one molecule of CO, presumably to form a compound WCO. 

With the bulb immersed in liquid air, the observations were similar to 
those made with nitrogen under the same conditions. 

Clean-up of Nitrogen by Molybdenum. In this case the results ob- 
tained have been summarized by Langmuir as follows:®^ 

*2 Phys. Rev,, 2, 450 (1913); Physik, Z., 16, 516 (1914). 

J, Am. Chem. Soc., 37, 1139 (1915). 

J. Am. Chem. Soc., 41, 167 (1919). 



Sxc. 5] 


CLEAN-UP BY INCANDESCENT FILAMENTS 


677 


1. At temperatures above 2000® K and in pressures of nitrogen below 
about 0.03 mm, molybdenum evaporates at the same rate as in vacuum. 
Molybdenum, like tungsten, is therefore not attacked by nitrogen at any 
temperature. 

2. However, the amount of nitrogen cleaned up is always much less 
than that required to form M 0 N 2 . 

3. The rate of clean-up is independent of the pressure of the nitrogen 
between 0.76 micron and 30 microns. 

4. The rate of clean-up increases considerably if the bulb is cooled in 
liquid air or solid carbon dioxide, and decreases if the bulb is heated. 

5. The rate of clean-up increases with the temperature much more 
slowly than the rate of evaporation of molybdenum. 

If we introduce a coefficient 0, defined in the same manner as above, 
for the clean-up of oxygen by tungsten, then the values of actually 
observed ranged from 0.4 to 0.01. One interesting observation is that 

with very minute pressures of water vapor such as result even in the presence of 
drying agents, from failure to bake out the bulb, no clean-up of nitrogen occurs. 
Under these same conditions, however, molybdenum will clean up carbon monoxide, 
and tungsten will clean up nitrogen or carbon monoxide. In each of these cases /3 is 
unity. 

From the fact [Langmuir states) that is independent of the pressures but varies 
with the bulb temperature and filament temperature it is necessary to conclude that 
the reaction takes place in the space around the filament, that each collision between 
molybdenum atoms and nitrogen molecules results in combination, but that at least 
two products are formed. These probably are : a first-order compound of the formula 
NMoN and a second-order compound M 0 N 2 . The proportion of these two depends 
on the relative velocity of the molecules at the moment of collision and also on the 
internal energy of the nitrogen molecules. The first compound is very stable and 
cannot be decomposed on the bulb by heating to 360® C. The second compound, 
on the other hand, is so unstable that it decomposes practically completely on striking 
the bulb. 

In these experiments [Langmuir states in an earlier paper®®] the molybdenum 
deposit which collected on the bulb had very remarkable properties. It adsorbed 
large quantities of nitrogen, but not hydrogen, if cooled by liquid air. But, at room 
temperature and above, it could slowly dissolve large quantities of hydrogen which 
it would slowly give up again at 300® C. Although it contained a large amoimt of 
nitrogen, none of this gas could be driven off by heating it at 360®; but if it was 
heated in nitrogen at 260® C, it apparently combined with the nitrogen, for this gas 
was absorbed and was not liberated by heating at 360® C in a vacuum. 

Dissociation of Hydrogeni Chlorine, and Oxygen, When a wire of 
tungsten, palladium, or platinum is heated to a temperature above about 
1600^ K, in hydrogen at a low pressure, some of the molecules striking the 
filament are dissociated into atoms. At temperatures above 2000^ K, 

“ Am. Cfwm, 80 c., 87, 1139 (1916). 
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this dissociation of the gas in contact with the filament causes the ab- 
sorption of a very large quantity of heat. The atomic hydrogen pro- 
duced diffuses out and recombines at the walls to form molecules with 
liberation of heat. This explains the observation that the energy loss 
from a tungsten wire heated in hydrogen is many times greater than it 
should be on the assumption that the heat loss is due exclusively to ther- 
mal conduction by the gas. According to most recent determinations, the 
heat of dissociation of molecular hydrogen is 102,700 calories per mole. 
Thus the energy liberated in recombination of atoms is considerable, and 
this fact has been applied by Langmuir to the development of atomic 
hydrogen welding. 

In a series of papers Langmuir®® has discussed the mechanism of dis- 
sociation and calculated the degree of dissociation (a) as a function of 
the temperature and pressure. Table 4 gives values of this quantity 
for a series of temperatures and two pressures. 


TABLE 4 

Degree of Dissociation (a) op Hydrogen for the Range 
T - 1600° K to T - 3000° K 


T 

Pmm = 760 

Pmm — 1 

T 

Pmm — 760 


1600 

0.00020 

0.0055 

2400 

0.0216 

0.447 

1800 

.00093 

.025 

2600 

.044 

.692 

2000 

,0033 

.087 

2800 

.081 

.86 

2200 

.0092 

.224 

3000 

.13 

.94 


This atomic hydrogen [Langmuir states] has remarkable properties. It is readily 
adsorbed by glass surfaces at room temperatures, although more strongly at liquid- 
air temperatures; but only a very small amount (a few cubic millimeters) can so 
retained because the atoms evidently react together to form molecular hydrogen as 
soon as they come in contact, even at liquid-air temperatures. The atomic hydrogen 
reacts instantly at room temperature with oxygen, phosphorus, and many reducible 
substances such as WO 3 , Pt 02 , etc. 

Thus the clean-up of hydrogen in the presence of an incandescent tung- 
sten filament is due to dissociation of molecules into atoms, which is fol- 
lowed by an adsorption of the atoms on the glass walls. 

In some experiments carried on in this laboratory about 1915, G. M. J, 
Mackay observed that fused P 2 O 8 is capable of cleaning up very large 
amounts of atomic hydrogen, and this accounted for H. Huthsteiner’s 
observation that a trace of P 2 O 6 sublimed into a bulb cimtaining a tung>- 
sten filament cleans up residual gases, especially hydri^en, to a very low 
pressure when the filament is heated to a high temperature. It was ob- 

** J. Am. Chem. Soc., 87, 417 (1915), and subsequent papers. 
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served by these investigators that, with the filament at 2300® K, the 
pressure of hydrogen in a volume of 850 cm^ could be reduced from 150 
to 1 micron in 2 minutes. At 2700® K, the pressure was reduced from 
1005 to 4 microns in about 3 minutes. That the clean-up was due to 
P 2 O 5 vapor was shown by the further observation that only a slight de- 
crease in pressure occurred when the bulb was immersed in liquid air. ' 

Of special interest in this connection is the reaction with water vapor. 
It was observed very early in the production of vacuum incandescent 
tungsten-filament lamps that lamps exhausted at low temperatures (say 
100-200® C) blacken rapidly during life.®^ Langmuir has remarked that 

a lamp made up with a side tube containing a little water which is kept cooled by a 
freezing mixture of solid carbon dioxide and acetone (— 78.5®C) will blacken very 
rapidly when rimning at normal efficiency, although the vapor pressure of water at 
this temperature is only about 4 • 10*“^ mm. 

The explanation [Langmuir states) of the behavior of water vapor seems to be as 
follows: 

The water vapor coming into contact with the filament is decomposed, the oxygen 
combining with the tungsten and the hydrogen being evolved. The oxide distils to 
the bulb, where it is subsequently reduced to metallic tungsten by atomic hydrogen 
given off by the filament, water vapor being simultaneously produced. The action 
can thus repeat itself indefinitely with a limited quantity of water vapor. 

Several experiments indicated that the amount of tungsten that was carried from 
the filament to the bulb was often many times greater than the chemical equivalent 
of the hydrogen produced, so the deposit on the bulb could not well be formed by 
the simple attack of the filament by water vapor. 

Another experiment demonstrated that even the yellow oxide, WOs, could be 
reduced at room temperature by atomic hydrogen. A filament was heated in a well- 
exhausted bulb containing a low pressure of oxygen; this gave an invisible deposit 
of the yellow oxide on the bulb. The remaining oxygen was pumped out and dry 
hydrogen was admitted. The filament was now lighted to a temperature (2000® K) 
so low that it could not possibly produce blackening under ordinary conditions. In a 
short time the bulb became distinctly dark, thus indicating a reduction of the oxide 
by the active hydrogen. Further treatment in hydrogen failed to produce any 
further darkening, showing that the oxide could only be reduced superficially. 

Even in the absence of water vapor, the ‘Vater-vapor cycle'' may 
occur in the presence of a low pressure of hydrogen if traces of oxides are 
present on the filament leads. 

Chlorine molecules in contact with a heated tungsten filament are dis- 
sociated into atoms in the same manner as hydrogen molecules. Lang- 
muir has described the following typical observations made with chlorine 
in the presence of a heated tungsten filament: 

By heating a tungsten filament for a short time to 3000® K in a high vacuum a 
sufficient quantity volatilizes to form a black deposit on the bulb. If, now, a low 

I. Langmuir, Trans. A.LE^E,, 88, 1893 (1913). 



680 


CLEAN-UP OF GASES AT LOW PRESSURES [Chap. 10 


pressure of chlorine be admitted to the bulb, this does not perceptibly attack the 
deposit on the bulb nor the filament, even if the bulb is heated to 200° C. However, 
if the filament is now heated to a high temperature, while the bulb is kept cool, the 
tungsten deposit on the bulb soon disappears. The chlorine has evidently been 
activated or dissociated by the filament and the atoms formed travel at these low 
pressures directly from the filament to the bulb without having any chance to 
recombine on the way. ' 

The experiment is more striking if two filaments be placed side by side in the same 
bulb containing a very low pressure of chlorine. If one of the filaments be heated to 
a high temperature it is found that the other one, which remains cold, is gradually 
eaten away on the side facing the hot filament until it finally disappears completely. 
The hot one does not lose at all in weight, but may even become heavier by having 
tungsten deposited on it by the decomposition of the chloride formed by the attack 
of the cold filament. 

Langmuir also obtained evidence, in connection with his investigations 
on thermionic emission, that oxygen molecules incident on a tungsten 
filament at very high temperatures are dissociated into atoms. Only, 
since the heat of dissociation of molecular oxygen is higher than that of 
hydrogen (about 117,000 cal per mole),®* the degree of dissociation at 
any given temperature and pressure is considerably less than that of 
hydrogen under the same conditions. Thus the degree of dissociation of 
oxygen at 1 atm pressure is 1 per cent between 2500° K and 2600° K, 
and about 6 per cent at 3000° K. 

The observations on the dissociation of chlorine and oxygen at the 
surface of an incandescent filament account for the operation of the so- 
called “regenerative” getters®® used formerly in the commercial produc- 
tion of vacuum lamps. Such getters as tungsten oxychloride and potas- 
sium thallium chloride were introduced into the lamp at some point 
where the temperature would be sufficiently high to obtain a low pressure 
of chlorine. The atomic chlorine would then combine with the tungsten 
deposit on the glass walls and thus maintain a clear glass surface for a 
much longer time than in the absence of these getters. 

Other materials, such as barium chlorate, were used to produce, by 
dissociation of the compound, a low pressure of oxygen, which would then 
prevent blackening by a mechanism similar to that involved in the 
of chlorine compounds. 

Reactions between Incandescent Tungsten and Hydrocarbon Vapors. 

Hydrocarbon vapors are decomposed by tungsten, at temperatures 
above about 1600° K, into carbon and hydrogen, the carbon being t aken 
up by the tungsten to form carbides.^® 

“ H. L. Johnston and M. K. Walker, J. Am. Chem. Soc., 66 , 187 (1933). 

J. W. Howell and H. Schroeder, History of the Incandescent Lamp, The Maqua 
Company, Schenectady, N. Y., 1927, p. 131. 

M. R. Andrews and S. Dushman, J. Franklin Inst., 192 , 645 (1921). 
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Mrs. M. R. Andrews investigated the reaction between the vapor of 
naphthalene (CioHg) and incandescent tungsten.^^ At 18° C, the vapor 
pressure of the naphthalene is about 63.5 microns according to Mrs. 
Andrews’ observations, so that the reaction could be studied at relatively 
low vapor pressures. 

Chemical analysis of the filaments carbonized at a temperature of 
1600° K or higher and determination of the hydrogen evolved showed 
that the first stage in the reaction is the formation of the carbide W 2 C. 
The conductance (at room temperature) of the filament decreases line- 
arly with increase in carbon content until the whole filament is converted 
into W 2 C (3.16 per cent carbon by wei^t). The conductance of W 2 C 
is about 7 per cent of that of pure tungsten. By further treatment in 
hydrocarbon vapor, the carbon content continues to increase and the 
conductivity increases linearly with carbon content until the composition 
corresponding to WC is attained (6.12 per cent carbon). The conduc- 
tance of the WC is 40 per cent of that of pure tungsten. 

Other hydrocarbons, such as benzene, toluene, acetylene, methane, 
and illuminating gas, react with incandescent tungsten in the same man- 
ner. The reaction is of importance in the production of electronic 
devices using thoriated-tungsten-filament cathodes (0.5 to 1.5 per cent 
Th02 in the tungsten). As a result of a preliminary flashing in hydro- 
carbon vapors it is possible to activate the filaments more readily and 
obtain longer life. 

The thermal dissociation (at low pressures) of methane by a platinum 
filament covered with alkaline-earth oxides has been investigated by 
G. M. Schwab and E. Pietsch.^^ The reaction was found to be of the 
first order with respect to pressure of methane, and a calculation of the 
ratio /3 of the rate at which the methane molecules are dissociated com- 
pared with the rate of incidence on the filament showed that 0 increases 
exponentially with the temperature in accordance with the equation 
(similar to that deduced for the reaction between oxygen and tungsten) 


log 0 = 4.55 — 


12,000 

T 


This result leads to a value Q = 54,900 cal/mole for the activation 
energy of the dissociation. Values of 0 actually observed varied from 
1.06 • lOr^ for T = 1373 to 14.3 • lO"^ for T = 1551. As will be ob- 
served, these values are very much lower than those obtained by 
Langmuir for the clean-up of oxygen by tungsten (see Table 3). 

« J. Pkyt. Chem., 2T, 270 (1923). 

** Z. EMcbrochem., 88, 430 (1926). 
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By surrounding the filament with a wire mesh cylinder and making the 
cylinder positive with respect to the filament as an electron emitter (see 
the section on clean-up in hot-cathode devices), it was possible to de- 
termine the effect on the dissociation of collisions between electrons and 
the molecules of methane. An increase in rate of dissociation was 
observed for electron energies in excess of 15 to 16 Volts, which probably 
corresponds to the ionizing potential of methane. This result was inter- 
preted by the investigators as indicating a dissociation into free hydrogen 
atoms in accordance with the equation 

CH 4 -» C + 4H. 

Reaction between Carbon and Oxygen. Experiments carried out by 
Langmuir^® showed that, as compared with the oxidation of tungsten, 

the phenomena involved in the oxidation of carbon are very complex. These experi- 
ments [he states] seem to show that, when oxygen acts on carbon at, say, 1200° K, 
part of the oxygen reacts to form carbon dioxide, but another part forms an adsorp- 
tion layer of some sort on the surface which retards the velocity of the reaction. . . . 
At higher temperatures the rate of formation of this adsorption layer increases 
rapidly. When a sufficient quantity has accumulated this compound begins to 
decompose, forming carbon monoxide, the higher the temperature the more rapid 
being the formation of this gas. 

This adsorbed layer cau be heated for half an hour at 2200® K, in the 
highest vacuum, without being completely decomposed. With carbon 
dioxide no reaction could be observed at 1220® K, but at 1700® K and 
higher carbon monoxide was formed, and, since the total volume re- 
mained constant, Langmuir concluded th^t the reaction is 

CO 2 + C = CO (gas) + CO (adsorbed on carbon). 

On the other hand, this adsorbed compound was not formed on heating 
a carbon filament in carbon monoxide to even as high as 2400® K. 

Because of the scientific interest in this problem and also because of its 
application in industry, the kinetics of the reactions between oxygen and 
carbon at high temperatures has been much studied by a number of in- 
vestigators, notably by L. Meyer^^ and V. Sihvonen,^® both of whom 
used the carbon-filament technique. In view of the more recent obser- 
vations made, by means of the same technique, by R. F. Strickland- 
Constable^® there is a question with regard to the interpretation of the 
results obtained by Meyer. Strickland-Constable has suggested that 

« J. Am, Chem. Soc., 87, 1139 (1915). 

Tram, Faraday Soc,^ 34, 1056 (1938). 

Tram, Faraday Soc,, 34, 1062 (1938). 

Tram, Faraday Soc,^ 40, 333 (1944). 
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these results could be explained by the presence of a glow discharge, 
which would occur because of electron emission from the negative end of 
the filament and an appreciable positive potential at the other end* 

On the whole the observations made by Strickland-Constable are in 
agreement with those obtained by Langmuir and Sihvonen. In the 
temperature range 900-2000® C, carbon monoxide is the primary product, 
and over the range of pressures from 0.02 to 0.5 mm the reaction is of 
the first order. Strickland-Constable states, 

The rate of reaction rises from 900® C to 1100® C and is constant between 1600® C 
and 2000® C. Between these two ranges there is a zone in which the rate is very 
sensitive to the immediate past history of the filament. If the preceding experiments 
were at higher temperatures, the reaction rate is abnormally high, and if at a lower 
temperature, the rate is abnormally low. . . . [Also] evidence was obtained which was 
not in agreement with the view that oxygen is sorbed in appreciable quantities by a 
freshly outgassed filament at high temperatures. 

Reaction of Gases with Incandescent Tantalum. Observations on 
these reactions have been reported by Mrs. M. R. Andrews.**^ Before 
investigating the rate and extent of clean-up of different gases, ^*the 
tantalum filament was given a preliminary degassing in vacuum at 2400- 
2500® K, until the cold resistance had decreased to a constant value and 
no more gas was evolved.’^ 

It was shown that nitrogerij at least in low concentrations, enters the 
tantalum in the form of a solution. At any given temperature, there is a 
definite relation, which can be attained either by sorption or desorption, 
between concentration of gas in metal (c) and gas pressure (P) of the form 

c = kVP, 

which is similar to that mentioned in Chapter 9 for the solubility of 
hydrogen in tantalum and other metals. 

Up to concentrations of about 100 volumes of nitrogen (S.T.P.) per 
volume of metal, the variation in equilibrium pressure with temperature, 
for constant amount of gas sorbed, is shown by the two plots in 
Fig. 6. As will be observed, the equilibrium pressure for constant 
amount dissolved decreases with decrease in temperature; and from the 
plots, the heat of solution is found to be 102,000 cal/mole of nitrogen. 

Assuming, as shown on the plots, that for T = 2000 and an equilibrium 
pressure oi 2 microns the volume of gas sorbed per volume of metal is 80, 
it is of interest to calculate the equilibrium conditions for a 10-mil- 
diameter filament 10 cm long and T == 2000. Since the volume of metal 
is 5.07 • 10“® cm*, and 1 cm® gas (S.T.P.) = 829 micron • liters at 25® C, 

" Aw. Cftem. <Soc.i M, 1W6 {1982). 
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an absorption of 1 volume gas per 1 volume of metal would correspond to 
4.2 micron • liters, and the corresponding equilibrium pressure would be 
given by the relation 




(4.2)^ X 2 
6400 


5.5 • 10-*. 



40 42 44 46 48 50 52 54 56 

10 Vt 


Fig. 6. Log of equilibrium pressure of nitrogen versus l/T for tantalum, for two 
concentrations of nitrogen (Andrews). 


This example illustrates the application which can be made of such 
data as those shown in Fig. 6 in order to calculate the amount of clean-up 
that may be obtained under given experimental conditions. 

At higher concentrations of nitrogen evidence was obtained for the 
conclusion that absorption can take place (accompanied by decrease in 
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pressure) leading to the formation of TaN. This would require about 
1000 volumes of nitrogen per volume of metal. 

According to Mrs, Andrews^ observations, 

Oxygen is absorbed by tantalum in a somewhat different manner than nitrogen. 
Whereas nitrogen is taken up very slowly below 1600® K, oxygen is absorbed quite 
readily at 1000® K, and with extreme rapidity at 1800® K. Absorption is quite 



Volumes absorbed 

Fio. 7. Variation in resistance of tantalum with gas content. Curves plotted for 
nitrogen, oxygen, and hydrogen. Resistance given as ratio to the resistance of the 
gas-free filament. (Andrews.) 

complete up to 20 volumes, the residual pressures being negligible. Further absorp- 
tion at 1800® K (which takes place with great rapidity) leads to the formation of a 
compound. This is shown by the plots for the variatipn in resistance with gas con- 
tent shown in Fig. 7. The cold r^tance increases rapidly with concentration up 
io 20 volumes and then much more slovdy. 
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Here, again, there is evidence of the formation of an oxide, presumably 
Ta 208 , which would correspond to about 2600 volumes of oxygen per 
volume of metal. 

The dissolved oxygen, that is, the first 20 volumes absorbed, can be 
re-evolved if the filament is operated in vacuum at 2200-2300® K. 

It was shown in Table 9.16 that, at room tem^jerature and atmos- 
pheric pressure, 1 volume of tantalum can dissolve about 765 volumes 
hydrogen, and that this solubility becomes about 50 times less at temper- 
atures above 1000® C. Furthermore, it was shown in the same connec- 
tion that the hydrogen is dissolved in the atomic form, since the solubility 
at constant temperature varies with the square root of the pressure. 

Further confirmation of this conclusion was obtained by Mrs. Andrews 
in a series of observations which are described as follows: 

At the pressures used, 50 microns or less, no hydrogen was absorbed when the 
tantalum was heated in the gas; but if an auxiliary filament of tungsten was run in 
the same bulb at a high temperature so as to dissociate some of the hydrogen and the 
tantalum filament was run at the same time at 800® K to 1200® K, hydrogen was 
absorbed by the tantalum. Solubility was greater at the lower temperatures. At 
any given temperature absorption would take place until an equilibrium was estab- 
lished. Addition of more hydrogen caused increased absorption. The action was 
exactly similar to the absorption of nitrogen except that equilibrium was established 
between the dissolved hydrogen and the external pressure of atomic hydrogen. That 
is, if equilibrium was established with the tungsten filament running at a constant 
temperature, say 2400° K, and the tantalum also constant, at say 1000° K, and the 
temperature of the tungsten filament was then increased, to, say, 2600° K, thus 
increasing the fraction of the hydrogen dissociated, the tantalum absorbed hydrogen 
further until a new equilibrium was established. If the tungsten filament was 
lowered in temperature, the tantalum would immediately evolve gas to establish 
again an equilibrium, or if the current was taken off the tungsten filament, the 
tantalum one being left at 1000° K, gas would be evolved from the tantalum until 
practically all that had been absOTbed had reappeared. 

The hydrogen curve in Fig. 7 shows that the resistance at room temperature rises 
less rapidly with hydrogen concentration than for either oxygen or nitrogen. It can 
be assumed that this is due to the small atomic volume of the hydrogen, so that a 
given number of molecules dissolved in the metal would strain the lattice less than 
larger atoms. There was no evidence of any compound up to the maximum concen- 
trations of hydrogen reached. 

Another interesting observation made in this investigation was that 
the rate of absorption was much less for a fresh filament than for one that 
had been subjected to sorption followed by desorption. Similar obser- 
vations have been made in this laboratory by H. Huthsteiner in the 
sorption of hydrogen by tantalum and also by zirconium. 

Above 1400® K, water vapor is decomposed by tantalum, with absorp- 
tion 6f the oxygen and evolution of the hydrogen. 

The reaction between tantalum and hydrocarbons such as benzene and 
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naphthalene has also been investigated by Mrs. Andrews. ' The results 
obtained are quite similar to those obtained with tungsten and hydro- 
carbon vapors. A tantalum filament heated in a low pressure of the 
hydrocarbon vapor between 2000® K and 2800° K forms two carbides. 
The first one has the composition TaeC# and has an electrical resistivity 
at room temperature about 12 times that of pure tantalum. Further 
treatment in hydrocarbon vapor leads to' the formation of the carbide 
TaC, which has a resistivity at room temperature about 1.2 times that of 
the metal. Both carbides have very high melting points (4000-4100° K) 
and are extremely brittle. 


PART B. ELECTRICAL CLEAN-UP OF GASES 

6. PHENOMENA IN COLD-CATHODE DISCHARGE TUBES 

The gradual disappearance of gas in a low-pressure gaseous discharge 
tube was first observed by J. Plucker in 1858. As the pressure decreases, 
the voltage required to pass current through the tube increases, and 
finally the tube becomes “non-conducting” — at least with the voltage 
available. In the gas-filled Roentgen tube this phenomenon was known 
as “hardening,” since the X-rays emitted increase in hardness, or pene- 
trating power, with increase in the voltage required to operate the tube. 

A large number of investigators have dealt with this phenomenon and a 
great variety of explanation)^ has been offered.*® The observations made 
by these investigators and the different interpretations given form the 
subject of the following sections. 

However, before we can discuss all this work, it is necessary to con- 
sider briefly the mechanism of electrical conduction in gas discharge such 
as that which occurs in a Geissler tube. The carriers of electric charges 
consist of both electrons and positive ions. Because of their greater 
mobility and smaller mass, the electrons contribute by far the larger 
fraction of the current. Of special interest is the characteristic manner 
in which the voltage is distributed along a long tube in which a positive 
column discharge occurs. Figure 8, based on observations made by 
C. G. Found and J. D. Forney,*® shows the potential distribution in a dis- 
charge in nitrogen at 0.5 mm pressure. The tube diameter was 6 cm, and 
the cunent, 5 ma. The distribution of light intensity along the tube 

** A very comprehensiTe r^ort of the earlier work on this topic has been given by 
E. Pietsoh, ErgeiK der exakt, Natww., S, 213 (1926>.- 
A.l.E.3. Trow., 47, 866 (1928). 
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is shown at the bottom. While that region in the discharge, known as 
the positive column, produces most of the light, a considerable fraction 
of the overall voltage is consumed in the narrow region adjacent to the 
cathode which is designated the ‘‘cathode dark space. This cathode 
drop varies from about 60 to 400 volts and higher, depending on the 
nature of both the electrode and gas, the pressure, area of cathode, and 
current. There is a slight gradient in the Faraday dark space, but 

800 

700 

600 

500 

0 400 

300 

200 

100 

0 

0 4 8 12 16 20 24 28 32 36 

Distance from cathode in centimeters 

Fig. 8. Distribution of potential in positive eoluinn discharge in nitrogen 
(Found and Forney). 



under certain conditions this may become zero or even negative. 
Throughout the positive column there is a practically constant posi- 
tive voltage gradient. The voltage drop at the anode may be positive, 
zero, or negative, depending upon the current density and other factors. 
However, it is always very small compared to the cathode drop. 

In the cathode fall region the ions are accelerated in accordance with 
the relation 

hmpVp^ = Ve, (lo) 

that is, 


Vp = 1.390 • 10« 



( 16 ) 


where mp and Vp denote the mass and velocity, respectively, of the posi- 
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tive ion, e denotes the charge on an electron or singly charged positive ion, 
V denotes the voltage drop, and M denotes the molecular weight of the 
gas in which the positive ions are produced. 

Thus, for H 2 +, Vp = 9.790 • lO^VV cm -sec”^, and for N 2 ''', Vp * 
2.626 • 10®VT cm • sec ^ Comparing equation 16 with the relation 
deduced in Chapter 1 for the root-mean-square velocity, 



it follows that for any ion, independently of the value of M, the equiva- 
lent absolute temperature is given by the relation 

T = 7.734 • lO^F. (2) 

That is, the energy of the positive ion corresponds to that of the normal 
molecule at a very high temperature. This fact is of fundamental im- 
portance in most of the explanations which have been given of electrical 
clean-up phenomena. 

The ions are produced as a result of collisions between electrons 
emitted from the cathode and gas molecules. For every gas there is a 
minimum value of the energy of the electrons at which such ionization 
occurs, and this is designated the ionization potential (F,). (See discus- 
sion in Chapter 6, section 7.) The values of Ft vary from 3.87 volts 
for cesium vapor to 24.48 for helium. The velocity, Vey acquired by an 
electron accelerated through a potential drop of F volts is given by the 
equation, similar to la and 16, 

= Fc, (3a) 

where mo denotes the mass of the electron. That is, 

Ve = 5.9314 • 10^ a/F cm • sec™'. (36) 

At voltages below Ft, electrons colliding with the gas molecules are 
able to excite them, if they have the proper energy, to higher energy 
states (or levels), and it is by spontaneous transitions from these levels 
to lower levels (including the normal state of the atom or molecule) that 
spectral lines are emitted.®^ 

Figure 9 shows such an energy-level diagram for mercury. When elec- 

A dis<Hi88ion of the Bohr theory of the origin of spectral lines is given in a large 
number of treatises, for instance, H. Semat, Introduction to Atomic Physics, Rinehart 
and Co., New York, 1946, and S. Dushman, Chapter II, Treatise on Physical Chem- 
istry, Vol. I, edited by H. S. Taylor and S. Qlasstone, D. Van Nostrand Company, 
New York, 1942. 
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irons emitted from the cathode collide with mercury atoms, no inter- 
change of energy occurs until the electrons have been accelerated through 
a potential of 4.9 volts. At this energy two excited states are produced, 



Fia. 9. Energy levels and lines in arc spectrum of mercury. Levels are designated 
by wave numbers, v, or electron-volte, V, required for their excitation. 


designated 2®Po and 2®Pi, of which the first one is metastable since no 
spontaneous transitions can occur to the lowest (‘(So) or normal state. 
On the other hand, a transition from the 2®Pi to the normal state is ac- 
companied by emission of the ultraviolet line X2537. As the accelerat- 
ing voltage on the electrons is increased beyond 4.9 volts, excited states 
of higher energy content are produced, thus giving rise to the different 
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spectral lines (indicated in the diagrams by lines between the energy 
levels). At 10.4 volts one of the electrons in the outer “shell” of the 
atom is completely removed, leaving a mercury ion (Hg+). 

The frequency of the line emitted as a result of any one transition is 
given by the relation, 

hv = AF • e, (4o) 

that is, 

V = 10* cX-‘ = 2.4185 • 10‘* AF sec"* = cAp (46) 

where h = 6.624 • 10~^^ erg sec, c == velocity of Ught (cm/sec), AF is the 
difference in the voltages required to excite the higher- and lower-energy 
levels between which the transition occurs that gives rise to the spectral 
line (wavelength = \ in angstroms), and Ap is the difference in wave- 
numbers (p) of the levels. 

As mentioned above, the positive ions, when accelerated towards a 
negatively charged electrode or other surface, acquire considerable 
energy. It would therefore be only natural to assume that such high- 
speed particles might be driven into the surface of the cathode or glass 
walls (if the walls are negatively charged, as they usually are). This 
might therefore be one plausible explanation of the disappearance 
of gas in a discharge. 

Furthermore, because of the high energy acquired in passing through 
the cathode fall, the positive ions actually cause a disintegration of the 
cathode. The “sputtered” deposit on the walls is undoubtedly capable 
of sorbing large quantities of gas. This therefore may be assumed to be 
another possible mechanism by which clean-up is effected. 

But in addition a number of other mechanisms have been suggested. 
S. Brodetsky and B. Hodgson®^ have given the following list of the ex- 
planations that have been proposed : 

1. Chemical action between the gas and the glass.®* 

2. Chemical action between the gas and the cathode.®* 

3. Chemical or mechani,cal action between the gas and the 
anode.®^’®®’®* 

4. Chemical action due to active nitrogen.®* 

“ PhU. Mag., 31, 478 (1916). 

“ R. S. WiUows, PhU. Mag., 1, 603 (1901). 

“ K. Mey, Ann. Phyaik, U, 127 (1903). 

” C. A. Skifmer, PhU. Mag., 13, 481 (1906). 

“ B. Hodgson, Phytik. Z., 18, 596 (1912). 

»• F L. Chrisler, Phyaik. Z., 10, 748 (1909); PAi». Rw., 29, 461 (1900). 

" S. B. Hill, Proc. Phya. Soe. London, 36, 86 (1913-1913). 
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* 

6. Mechanical occlusion of the gas in the glass.*® 

6. Mechanical occlusion of the gas in the cathode.*® 

7. Mechanical occlusion of the gas in the .disintegrated part of the 
cathode.*® 

In view of the relation between T and V expressed in equation (2), it 
would appear likely that ions may react chemically with other atoms 
with which they collide. 

According to Langmuir®^ both the chemical and mechanical types of 
mechanisms are responsible for the clean-up of nitrogen in the presence 
of a hot tungsten cathode when an electric discharge passes. At higher 
pressures, the reaction is “electrochemical,” the nitrogen combining with 
the tungsten to form the nitride WN 2 . At very low pressures and high 
anode voltages, the action is apparently purely mechanical (Langmuir 
designates this the “electrical” clean-up). The nitrogen is driven into 
the glass in such a form that it can be recovered by heating. The action 
is thus apparently reversible, and only limited quantities of nitrogen can 
be cleaned up in this manner. The electrical clean-up, as distinguished 
from the electrochemical, also exhibits distinct fatigue effects. 

It is quite probable that both these two types of clean-up occur si- 
multaneously in practically all the cases where gases disappear during an 
electrical discharge, and we shall find that this point of view enables us to 
interpret to a large extent the many apparently contradictory results 
obtained bj the different investigators. 

Willows*® observed that the amount of clean-up of gas in a discharge 
tube varied according to the nature of the glass from which the tube was 
made. The absorption was least in Jena glass, more in lead glass, and 
greatest in soda glass. At constant current, the amount of gas occluded 
was found to increase with decrease in pressure. The conclusion arrived 
at was that the clean-up is due to chemical reactions between the gases 
and the glass walls. In support of this view. Hill*® has shown that ab- 
sorption is observed with air in an electrodeless discharge. His experi- 
ments were carried out in the range of pressures varying from 0.4 mm to 
0.04 mm of mercury. During these experiments the bulbs became 
covered with a dark deposit on the walls, presumably due to oxidation 
reactions. On exhausting these bulbs and filling them with hydrc^en at 
about 1 mm pressure, the discharge caused a rapid disappearance of the 

A. A. Campbell Swinton, Proc. Roy. Soc. London, A, 79, 134 (1907). 

E. Riecke, Ann. Physik, 16, 1003 (1904). 

*®F. Soddy and T. D. Mackenzie, Proc. Roy. Soc. London, A, 80, 92 (1908). 

J. Am. Chem. Soc., 36, 931 (1913). 

•» PhU. May., 6 , 603 (1901). 

•* Proc. Phys. Soc. London, 26, 36 (1912). 
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gas and the deposit became lighter colored, which Hill accounted for by 
chemical reduction. Willows repeated HilPs experiments®^ with quartz 
vacuum tubes and observed that “a new quartz bulb does not absorb air, 
but if fed with repeated doses of hydrogen — ^which are absorbed when an 
electrodeless discharge is passed — it becomes very active. If discharges 
in hydrogen are alternated with those in air the bulb can be made to 
absorb large quantities of either gas and the activity with each gradually 
increases.’^ Willows accounted for these results by assuming, as Hill 
did, alternate oxidation and reduction. 

Mey®® showed that when potassium and sodium amalgams are used 
as electrodes, compounds of these metals with hydrogen and nitrogen are 
formed during the discharge, and G. Gehlhoff®® utilized this observation 
to purify rare gases (argon, helium, neon, etc.). In the presence of a 
glow discharge with a heated alkali metal as cathode, all the chemically 
active gases are removed from a mixture of chemically active and rare 
gases. Nitrogen is completely absorbed even with the alkali metal at 
ordinary temperatures. Complete absorption of hydrogen occurs with 
sodium at 290° C and with potassium at 175° C, and rubidium and 
cesium are effective at even lower temperatures. Gehlhoff assumed that 
chemical combination occurs between the vapors of the metals and the 
residual gases in an active state. 

The absorption of hydrogen by sodium-potassium electrodes was also 
investigated by R. C. Gowdy.®^ Absorption was observed to occur 
when the alloy was used as cathode, and evolution when used as anode. 
The hydride is apparently decomposed by the cathode rays. 

F. H. Newman®® deposited different elements in a pure condition on 
the cathode of an electric discharge tube and then determined the ab- 
sorption of different gases on passing an electric discharge. The mini- 
mum pressure at which clean-up was observed to occur varied around 
0.1 to 1 mm of mercury. 

Measurements were made to compare the amount of nitrogen gas absorbed by the 
element in the tube with the quantity of electricity passing in the circuit. Potassium, 
sodium, mercury, cadmium, antimony, magnesium, calcium, zinc, tin, phosphorus, 
sulfur, and iodine were tested in this way. The rates of absorption were very great 
with the last three elements. Hydrogen gas was also used in the tube, and absorption 
occurred with phosphorus, sulfur, and iodine. 

Pfoc. Phys, Soc, Ltmdcm, 28 , 124 (1915-1916). 

Loc, eit 

•• Ber. dm. phyaik. Gea., 18, 271 (1911). 

Phya. Rev., 4 , 401 (1914). 

Engineering, Jan. 14, 1921, p. 60; Proc, Phya. 8^. London, 88, 190 (1919-1920); 
88, 73 (1920-1921), 
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Newman concluded from his experiments that the clean-up is due to 
chemical reactions between the elements present on the cathode and the 
gases which assume active modifications on the passage of an electric 
discharge. 

In this connection it is interesting to refer briefly to the experiments 
carried out by R. J. Strutt®® on the formation and ^>roperties of a chemi- 
cally active modification of nitrogen. He observed that, on passing a 
condenser discharge through nitrogen at low pressures, a form of nitrogen 
is obtained which shows an intense yellow glow and is very active 
chemically. As is well known, nitrogen in the ordinary state is very 
inert chemically. It combines with other elements with difficulty and 
only under special conditions such as high temperature or high pressure. 
On the other hand, Strutt found that the nitrogen passed through the 
discharge tube under the above conditions was very active chemically. 
‘‘Drawing it by the pump over a small pellet of phosphorus, a violent 
reaction occurs, red phosphorus is formed, and the yellow glow is 
quenched. At the same time the gas is absorbed. Similarly, active 
nitrogen combines readily with iodine, sulfur, and arsenic. There is no 
doubt, therefore, that the formation of active nitrogen must be taken into 
account in explaining clean-up effects in electrical discharges. 

In a similar manner Newman accounted for the absorption of hydrogen 
by phosphorus, sulfur, and iodine, by assuming the formation of an active 
modification of the gas. This is probably the same form as that pro- 
duced by G. L. Wendt and R. S. Landauer^® in subjecting hydrogen to 
a-rays from radium emanation or to high-potential corona discharges. 

These observations and the results obtained by Langmuir on the elec- 
trochemical clean-up of nitrogen by a heated tungsten cathode indicate 
that the above theory probably accounts for some of the clean-up effects 
observed in discharge tubes. As pointed out by G. W. C. Kaye:^^ 

It may be, also, that the action is stimulated by a species of electrolysis of the glass 
produced by the high-tension discharge playing over its surface. It is well known 
that glass may be readily electrolyied by quite moderate potentials if the temperature 
of the glass is raised; and it is a matter of experience that the discharge seems to 
have an aging effect on the glass, to the detriment of subsequent working on the blow- 
pipe. Such electrolysis might have a marked effect on the gas film which glass and 
other soUds can condense on their surfaces. 

It should be mentioned in this connection that some investigators have 
suggested that in a gas discharge even helium may become chemically 
active. E. H. Boomer^® investigated the clean-up of helium in a hot- 

Proc, Boy. Soc. London^ A, 86, 219 (1911), and subsequent papers. 

70 /. Am, Chem. Soc,, 42, 930 (1920). 

77 X-Rays, 1918 Edition, Chapter VI. 

72 Proc. Boy. Soc. London, A, 109, 198 (1926). 
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cathode discharge (see following section). A tungsten-filament cathode 
was used and an electron current of 5 to 10 ma at 1000 volts on the anode. 
It was observed that, in such a discharge in pure helium, the pressure 
was decreased from 4 to 0.1 mm. From a comparison of the loss , in 
weight of the filament with the amount of helium cleaned-up, it was 
observed that the atomic ratio of tungsten to helium was about 1 1 2, 
‘‘which led,'^ according to the investigator, “to the belief that a distinct 
and stable compound of the formula WHe 2 exists. Since this combina- 
tion was observed to be stable only at low temperatures (about that of 
liquid air) it would seem more probable that the helium was in an 
adsorbed condition. 

That clean-up occurs as the result of reactions that are not chemical, 
however, is shown by the fact, observed by Soddy and Mackenzie, that 
both pure helium and neon are also absorbed in electric discharge tubes. 
With aluminum electrodes, such as were used in their experiments, the 
electric discharge caused a considerable mechanical disintegration of the 
cathode and the portions of glass adjacent to the electrode became 
covered with a deposit of the metal in a finely divided state. 

From the fact that the gases could be recovered by heating the tubes, 
Soddy and Mackenzie concluded that the gases were mechanically 
adsorbed by the deposits formed around the cathode. The finely divided 
metal formed by sputtering is thus assumed to behave like palladium or 
platinum black in the ordinary adsorption phenomena. That cathodi- 
cally sputtered metals adsorb hydrogen during discharge has been shown 
by W. Heald,^^ and other investigators. 

C. A. Skinner^® found in his experiments that gas was evolved at the 
cathode and absorbed at the anode. The gas evolution occured at a rate 
given by Faraday's law, that is, 1 g of hydrogen for 96,600 coulombs. It 
is to be noted that with fresh electrodes a number of observers have found 
that 

there is often an initial evolution of gas, especially in hydrogen and nitrogen, or in any 
gas, with aluminum electrodes. But if the tube is used and then allowed to stand 
a while, on restoring the current, no initial evolution is found in most cases. 

Chrisler^® also concluded that the absorption in the discharge tube 
occurs at the anode. On the other hand, the weight of evidence points 
to the predominating influence of the cathode on the amount and rate of 

Proc. Poy. Soc. London^ A, 80, 92 (1908). 

Phys. Rev., 84, 269 (1907). 

Mag., 18, 481 (1906); Phys. Rev., 81, 1, 169 (1906); Phyeik. Z., 6, 610 

(1905). 

Phyeik. Z., 10, 745 (1909); Phyt. Rev., 461 (1909). 
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absorption. Hodgson^’ and Brodetsky and Hodgson^* investigated the 
relation between amount of clean-up and current and also the effect of 
varying the chemical composition of the electrodes. The amount of gas 
absorbed per coulomb was observed to increase with decrease in pressure, 
as had previously been observed by Willows. The pressures at which 
these experiments were carried out varied from 2 mm to 0.03 mm ap- 
proximately. A battery giving about 3200 volts was used as source of 
current, and the actual current strength varied from 0.008 to 0.002 amp. 
They found that the absorption varied with the rate of disintegration of 
the cathode, and no absorption was obtained in the absence of such dis- 
integration. Furthermore, the absorption was observed to increase with 
increase in cathode drop. They therefore concluded, in agreement with 
Soddy and Mackenzie, that the major portion of the clean-up was due to 
adsorption of the gas by the metal sputtered from the cathode. 

In his review Pietsch^® has discussed very fully the investigations on 
the factors governing the intensity of sputtering of cathodes by positive 
ions, which were carried out during 1906-1914 by V. Kohlschiitter and 
others. Other investigators apparently obtained quite different results. 
However, the observations made by L. Vegard®® confirmed the generally 
held view that clean-up is due to sorption of gas by the metal sputtered 
from the cathode. He found that sorption is small as long as the cathode 
drop is below a certain “threshold” value. The rate of sorption ap- 
parently increased with increase in cathode drop, and the same parallel- 
ism held for the amount of cathodic sputtering. Thus, in oxygen, gold 
electrodes showed more sputtering than electrodes of platinum. At the 
same time, the rate of clean-up was greater with gold than with platinum. 
Vegard also observed that with helium there was a measurable clean-up 
which was, however, less than that obtained under similar conditions 
with either nitrogen or oxygen. With hydrogen both absorption and 
evolution were found to occur. “When a current of definite value has 
reduced the pressure to a given value, a larger current causes evolution, 
and a smaller one, absorption.” This probably accounts to a certain 
extent for Skinner’s observations.** Vegard concluded from his ex- 
periments that absorption occurs at the cathode and is somehow caused 
by high-velocity positive ions impinging on it. In other words, his ex- 
planation attempted to compromise between both the chemical and the 
mechanical theories. 

” Phyvik. Z., 18, 695 (1912). 

” PhU. Mag., 81, 478 (1916). 

Ergeb. exaM. Nalurwi., 6, 213 (1926). 

*»Ann. Phyaik, 60, 769 (1916). 

Loc. cit. 
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More recently, the clean-up of rare gases in a cold-cathode discharge 
tube has been investigated by H. Alterthum, A. Lompe, and R. Seeliger.®* 
The discharge tube used was 2 cm in diameter and had hollow cylindrical 
electrodes made of thin sheet iron, which could be degassed with high- 
frequency heating. The cylinders were covered at the end nearest the 
seals by flat circular disks. Pressures were measured by means of a 
Pirani gauge, and the source of current was a transformer operated at 
50 cycles and having an open-circuit voltage of 4500 volts. The pres- 
sures used were varied from several millimeters to 0.2 mm, and the 
currents, from 20 to 100 ma. In a tube containing neon at 7 nun 
pressure and operated at 100 ma, the voltage remained fairly constant 
at about 250 volts for several hundred hours. Then, as rate of clean-up 
increased, the voltage increased to 500 volts at 1000 hr and the pressure 
had decreased to less than 1 mm. 

It was observed that in neon, at constant current, the rate of clean-up 
is low at the higher pressures but increases rapidly with decrease in pres- 
sure and finally becomes approximately independent of the pressure when 
it has decreased to about 3 mm. 

The rate of clean-up was found to be proportional to the current and 
independent of the form and length of the discharge tube. 

It was shown that the gas is cleaned up for the most part by the elec- 
trodes and, furthermore, that this clean-up occurs at the cathode. The 
fact that the clean-up did not occur on the glass walls and was independ- 
ent of the amount of sputtering leads to the conclusion that the neon was 
cleaned up as positive ions driven into the cathode by the high cathode 
fall. This is in agreement with the observation that rate of clean-up 
increased with increase in cathode drop. 

Similar observations were made with discharges in argon and helium. 
The rates of clean-up in the different gases at 2 mm and 100 ma were 
found to be in the ratios 0.4:1:10 for argon, neon, and helium, respec- 
tively. “This also,” the investigators state, “is in agreement with the 
above h 3 q)othesi 8 , since, the smaller the atoms (or ions), the more easily 
they will be able to penetrate into the metal and diffuse throughout it.” 
It should also be added that the cathodic sputtering is greatest for argon 
and least for helium, which is another argument for the conclusions 
drawn from this investigation regarding the mechanism of clean-up. 

In two subsequent papers, Alterthum and Lompe investigated the 
effect of other factors on Hie clean-up of rare gases in a discharge tube 
such as that used in the previous work. In order to compare the data 


»* Z. tech. Phyaik, 17, 407 (1936). 

** Z. tech. Phyrik, 19, 113, 116 (1938). 



CLEAN-UP OF GASES AT LOW PRESSURES [Chap. 10 


obtained under different conditions they defined a factor Z by means of 
the relation 


ZPY 

> 

i 


( 6 ) 


where t denotes the period (in hours) required to cltean up P7 mm * cm^ 
with a discharge of i ma. Thus Z is a proportionality factor which cor- 
responds to the period in hours required to decrease the quantity of gas 
by 1 mm • cm^ with a discharge of 1 ma. The quantity Z involves all 
the factors that affect rate of clean-up, that is, nature of gas, nature of 
electrodes, variation in cathode drop with electrode shape, temperature 
of the electrodes, etc. 

In carrying out the experiments the initial pressure in each case was 
2 mm neon and the tube was then operated till the pressure had decreased 
to such a low value that the discharge could no longer pass. This gave 
the value of the time required to clean up the gas to a small fraction of 
its initial value. It was found that Z varied approximately linearly with 
inside area of the hollow cylindrical iron electrodes. The values of 
cathode drop and of Z were also determined for a large number of differ- 
ent metals constructed out of thin sheet similarly to the hollow sheet- 
iron electrode described above. No relation could be observed between 
the values of Z and the composition of the metal or the cathode drop. 

From these observations made by Alterthum and his collaborators it 
may be concluded that electrical clean-up in the rare gases takes place 
by impact of positive ions on the electrodes. 


7. CLEAN-UP IN ELECTRODELESS DISCHARGES 

In order to eliminate the effect of electrodes a number of investigators 
have carried out experiments on clean-up in electrodeless discharges. 
Such discharges are obtained by coupling glass bulbs or rings containing 
the gas with coils carrying a high-frequency current, the frequency of 
which varies from 10® sec""^ to higher values. 

G. Mierdel®^ used bulbs of glass and quartz to which were attached 
appendixes for cooling purposes. The clean-up was observed to be 
greatest for oxygen. With the appendix at liquid-air temperature the 
pressure decreased in less than a minute from 85 to 2 microns, and in 
order to maintain the discharge fresh oxygen had to be fed into the bulb. 
On warming the appendix to room temperature, most of the gas was re- 
evolved. Mierdel considers the clean-up due to formation of ozone. 

Ann. Fhy^k, 86, 612 (1928). 
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With hydrogen, nitrogen, and air similar clean-up effects were ob- 
served, the amount of clean-up being least with hydrogen. Again, a con- 
siderable fraction of the absorbed gas was re-evolved on raising the 
temperature of the appendix. Mierdel accounts for the clean-up in 
hydrogen as due to formation of atomic hydrogen. This is condensed 
on the walls at liquid-air temperature and re-evaporates in the molecular 
form at room temperature. In the case of argon no clean-up effect whai^ 
ever was observed. 

With regard to the clean-up of hydrogen, E. Hiedemann,’®® working in 
Mierdel’s laboratory, showed that the extent and rate of disappearance 
of the gas depends to a large extent on the nature of the preliminary 
treatment of the glass. Furthermore he observed a normal and “ab- 
normal” clean-up effect. The normal is accounted for by the condensa- 
tion of atomic hydrogen at low temperature; to explain the abnormal 
clean-up, it is suggested (on the basis of other investigations) that com- 
pounds of silicon and hydrogen (silanes) are formed at low temperatures. 

The clean-up of hydrogen at room temperature was investigated by 
M. C. Johnson.®® The pressure was measured by means of a very sensi- 
tive mercury manometer (described in Chapter 6). The range of the 
manometer was about 0.5 mm, with a detectable sensitivity of 10“^ mm. 

It was observed that the amount of hydrogen cleaned up under the 
influence of a high-frequency discharge was a maximum for any given 
tube immediately after the tube had been baked out at 300° C and 
thoroughly degassed. On repeating the bake-out and evacuation and 
letting in fresh hydrogen to the same initial pressure (about 0.1 mm) 
the amount of gas cleaned up was less and decreased still more with 
successive repetitions of bake-out and evacuation. 

Taking into account the area available for adsorption, it was found 
that the maximum possible values of the fraction of the glass surface 
covered with a monolayer of atomic hydrogen were 0.66 and 0.36 for the 
two tubes used in the investigation, 

8. ELECTRON EMISSION AND SPACE-CHARGE PHENOMENA IN 
HOT-CATHODE LOW-PRESSURE DEVICES 

In a cold-cathode discharge tube the electron^ are generated at the 
cathode by means of the positive ions which acquire a high velocity in 
the cathode-fall region. The ions cause sputtering of the cathode, and 
the sputtering is accompanied by a clean-up of the gas. If, however, a 

« Atm. 8, 456 (1981). 

Pr<x?. Roy. 8oc. landony A, m, 603 (1989). 
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hot cathode is used, electrons are emitted by a mechanism analogous to 
the evaporation of atoms from a solid, and the cathode drop is reduced 
to a value which is, in general, only slightly higher than the ionizing 
potential {Vi) of the gas. Under certain conditions the cathode fall may 
be even less than F,. As shown by A. W. Hull,®^ no sputtering occurs if 
the cathode drop is maintained below a certain crttical value which de- 
pends upon the nature of the cathode and the composition of the gas. 
For instance, for thoriated tungsten cathodes this ^^disintegration volt- 
age^^ is about 27 for neon ions and 17 for mercury ions. 

Before considering voltage clean-up phenomena in hot-cathode de- 
vices it is essential to review briefly certain fundamental characteristics 
of hot cathodes.®® 

The electron emission from a heated cathode varies with the absolute 
temperature in accordance with the relation 

I = (1) 

where I == emission per unit area, at T degrees and A and 6o are 
constants. This relation is more conveniently written in the form 

log 7 = log A 4- 2 log r - (2) 

Table 5 shows values for /, the emission in amp/cm^, as well as IF, the 
watts radiated per cm^, at a series of temperatures, for four types of 
cathodes.®^ Values of log A and of 6o/2.303 used in evaluating the emis- 
sion data are given in the two lowest rows. 

Gen. Elec. Rev., 32, 213 (1929). 

The following references represent a selection of the vast hterature which has 
been published on this topic. 

1. A. L. Reimann, Thermionic Emieeion, John Wiley & Sons, New York, 1934. 

2. L. R. Roller, The Physics of Electron Tubes, McGraw-Hill Book Company, 1937. 

3. E. D. McArthur, Electronics and Electron Tubes, John Wiley & Sons, New 
York, 1936. 

4. S. Dushman, Rev. Modern Phys., 2, 381 (1930); also Encyclopcedia Britannica, 
1946. 

6. W. G. Dow, Fundamentals of Engineering Electronics, John Wiley & Sons, 
New York, 1937. 

The data were taken from the following sources: 

Tungsten: H. A. Jones and I. Langmuir, Gen. Elec. Reo., 30 , 310, 354, 408 (1927); 

S. Dushman, loc. cit.; At. L. Reimann, loc. cU. 

Molybdenum: A. G. Worthing, Phys. Rev., 28 , 190 (1946); S. Dushman, loc. dt.; 
A. L. Reimann, loc. cit. 

Tantalum: M. D. Fiske, Phys. Rev., 61 , 513, (1942); L. Malter and D. B. Lang- 
muir, Phys. Rev., 66, 743 (1939). 

Columbium: A. L. Reimann and C. K. Grant, Phil. Mag., 22, 34 (1936). 

Thoriated tungsten (Th W) : S. Dushman, loc. cit. 
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The thoriated tungsten is obtained by flashing a tungsten filament 
containing 0.5 to 1.5 per cent Th02 at a high temperature (above 
2700° K) which reduces some of the oxide to metallic thorium. This is 
then followed by heating at 2100-2200° K, which causes a diffusion of 
thorium to the surface, where it forms a monatomic layer which pos- 
sesses much higher electron emission than pure tungsten. At tempera- 
tures above about 2000° K the thorium evaporates at a rate which ex- 
ceeds that of diffusion to the surface with a resultant decrease in electron 
emissivity. 

In many electronic devices, an oxide-coated cathode is used, which 
consists of a nickel or nickel-alloy filament coated with a mixture of the 
carbonates of barium, strontium, and calcium. The filament must be 
“activated” by heat treatment in order to produce a monatomic film of 
barium which is the source of electrons. The values of A and ?>o for the 
activated emitter vary with composition of the coating, method of prepa- 
ration, and nature of metal support.^^ The emission at 1000° K is 
usually found to lie, within a factor of 10, at the value of 10 ma/cm^ 
for BaO, 1 ma/cm^ for SrO, and 0.1 ma/cm^ for CaO. The values of 
6o/2.303 for BaO lie around 5500, and the values for SrO and CaO are 
higher. At temperatures above about 1200° K, the rate of evaporation 
of barium atoms increases rapidly with increase in temperature and the 
surface loses its activity. 

The value of the space current passing from the hot cathode to the 
anode, in a good vacuum, is limited either by temperature saturation or 
by “space charge.” The former may be calculated for a given area and 
temperature of cathode by means of equation 1 or 2. This emission is 
obtained, however, only if the anode voltage is sufficient to overcome the 
repulsion between electrons. As first shown by Langmuir (1913), the 
space-charge current is given by a relation of the form 

it = (3) 

where s is a constant, the value of which depends upon the geometry of 
the cathode and anode. 

For instance, for parallel plane surfaces. 


*. = 


2.326 • 10“® 


yH 


amp • cm 


( 4 ) 


where d — distance (in centimeters) between the two electrodes. For a 
filamentary cathode of radius r© along the axis of a cylindrical wode of 

*** For a comprehensive discussion of oxide-coated cathodes, the reader should 
consult J. P. Blewett, J. Applied Phye., 10, 668, 831 (1930). 
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radius r (in centimeters), the current (in amperes) per centimeter length 
is given by the relation 

yH 

it = 14.65 X 10~* . amp/cm length, (6) 

Tp 

where d® is a function of r/ro which has the value 1 for rlro <*>. 

The manner in which the electron current between the cathode and 
anode may be limited either by temperature of the cathode or by volt- 



Fig. 10. Hluatrating the limitation of electron current in a hot-cathode diode by 
(a) temperature of the cathode, as shown by the curve AA, or (6) anode volts, as 
shown by the horizontal lines for different values of the anode potential. 

age between the two electrodes is illustrated by the plots in Fig. 10.®^ 
These plots give the variation in electron current observed from a tung- 
sten filament 0.25 mm in diameter located along the axis of a cylinder 
2.54 cm in diameter and 7 .62 cm long. The ma^dmum available electron 
current, as a function of the temperature is ^ven by the exponential 

« S. Duriiman, Phyt. Bw., i, 121 (1914). 
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curve. The horizontal plots give the space-charge-limited currents for 
different anode voltages. Curves such as shown in Fig. 10 are obtained 
only at extremely low pressures (usually of the order of 10~® micron 
or less). 


9. CLEAN-UP IN HOT-CATHODE DISCHARGES 

When, however, the gas pressure exceeds a certain value (depending 
principally upon the nature of the gas and the geometrical dimensions of 
the device) some of the electrons no longer travel directly from the 
cathode to the anode. Collisions with gas molecules occur, and if the 
anode voltage exceeds the ionizing potential positive ions are produced 
which tend to neutralize a part or the whole of the negative space charge 
produced by the electrons; consequently, the electron current reaches 
the saturation value, corresponding to the temperature of the filament, 
at much lower voltages than when gas is not present. 

These phenomena are illustrated by the following observations with a 
small hot-cathode high-vacuum rectifier (diode) in which a tungsten 
spiral was used as cathode and a molybdenum cylinder (enclosing the 
spiral) as anode. To the bulb containing these electrodes was attached 
an appendix containing a small amount of mercury, and the whole ar- 
rangement was exhausted to a very high vacuum. By immersing the 
appendix in liquid air the pressure of the mercury vapor could be reduced 
to such a low value that no ionizing effects occurred. Figure 11 shows 
the characteristics of the tube, under these conditions, at two different 
filament currents. It will be observed that at a filament current of 
1.35 amp (curve .4) the electron current varied with the anode voltage in 
accordance with the % power relation. At a filament current of 1 .25 amp, 
corresponding to a lower temperature, the electron current increased at 
first in accordance with the same voltage law and then tended to reach 
the value 38 ma corresponding to the emission for that particular temper- 
ature (curve B), 

On removing the liquid air from the appendix, so that the mercury 
attained room temperature and the pressure in the device reached the 
value of about 2 • 10“® mm (corresponding to the vapor pressure of 
mercury at this temperature), the characteristic obtained with the fila- 
ment at 1.25 amp was that shown in curve C. At 18 volts a distinct blue 
glow appeared, and at 26 volts this glow extended practically all the way 
down the appendix. It will be observed that, simultaneously with this 
appearance of blue glow, the electron current increased rapidly until it 
reached practically the same saturation value as that obtained under 
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good vacuum conditions. That is, even at such a low pressure of mer- 
cury vapor, the space-charge phenomena practically disappeared and the 
saturation electron emission corresponding to 1.25-amp filament current 
was obtained at relatively low voltages. 

Similar phenomena are observed in hot-cathode devices with all other 
gases. At very low pressures the electron current varies with the voltage 



0 8 16 24 32 40 48 56 64 72 

Anode volts 


Fig. 1 1 . Illustrating effect of mercury vapor on characteristics of hot-cathode diode. 
Curve A, space-charge limitation in good vacuum. Filament current, 1.36 amperes. 
Curve B, space-charge limitation at lower values of anode potential and temperature 
limitation at higher values of anode potential. Filament current, 1.25 amperes. 
Curve C, same filament temperature as curve R, but in the presence of mercury 

vapor at Pft • 2.0. 

according to the % power law, but at higher pressures (ordinarily about 
1 to 2 microns) blue glow appears as the voltage is raised above the ioniz- 
ing potential and simultaneously with this blue glow the current increases 
rapidly, as shown in curve C, Fig. 11, to the satiuratimi emission at the 
given' filament tonperature. In the case of .most gases this blue ^ow 
does Qot (mlin^rily persist very long, owing to clean-up ^ects that ao- 
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ocKnpany the appeamnce of the glow, and consequently the electron 
current decreases again gradually until it attains the limiting value cor- 
responding to space charge. 

These clean-up phenomena that are observed in hot-cathode devices 
are extremely interesting, and they are of great technical importance. 
The experimental evidence obtained in this laboratory and by other in- 
vestigators points to the conclusion that these effects are primarily due to 
the formation of ions by collisions between electrons and gas molecules. 
There is little or no evidence for any electrical clean-up below ionizing 
potentials. 

Experiments along this line carried out in this laboratory some years 
ago showed that the factors governing clean-up are quite complex. In 
general, the rate of clean-up shows a tendency to increase with the anode 
voltage and with the electron current. In addition to these factors, the 
condition of the glass walls and the previous history of the glass bulb 
exert a profound effect on the rate of clean-up. The disappearance of gas 
by electrical clean-up is observed even at the very low pressures where 
space-charge effects are present and blue glow is therefore absent. Nu- 
merous observations in connection with hot-cathode devices have con- 
firmed this conclusion. Thus a hot-cathode rectifier may be sealed off at 
0.05 micron and, by subsequent operation with a current of a few milli- 
amperes at 120 to 240 volts, the pressure will be found to decrease to 0.01 
micron or less. 

At any given electron current the residual gas pressure in the sealed-off 
tube reaches an equilibrium value which increases with the electron 
current. Part of this increase is probably due to an increased rate of 
evolution of gas from metal parts and glass walls until equilibriuni is at- 
tained with the increased rate of clean-up. The pressure may thus be 
found to vary from 0.01 to as low as 0.0001 micron, depending upon 
anode voltage and electron current. Similar effects have been observed 
with the ionization gauge in using it to measure low pressures of chemi- 
cally active gases, such as nitrogen, hydrogen, and oxygen. That this 
clean-up is not due in these cases to purely chemical reactions at the sur- 
face of the tungsten filament is easily shown by disconnecting the anode 
voltage, when the clean-up practically ceases. Moreover, this clean-up 
also occurs with the inert gases argon and helium. 

A description of some observations made dxiring some earlier experi- 
ments, by Mrs. M. R. Andrews, H. Huthsteiner, and the writer, may be 
of interest in this connection. In these experiments a tube containing 
two adjacent timgsten filaments was used, so that either filament could be 
ma(ie cathode, and the rate of clean-up was investigated for argon and 
nitrogen. Gas from a large reservoir was allotrOd to flow continuously 
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through this tube at practically constant pressure, and the rate of clean- 
up was determined by collecting the gas after it left the tube. The pres- 
sures used in most of the experiments were so low that no blue glow 
effects were observed, and during any one set of observations'both the 
electron current and the anode voltage were maintained constant. The 
magnitude of the current was varied in different runs from a few micro- 
amperes to several milliamperes, and the anode potential was varied 
from 25 to 250 volts. The rate of clean-up was observed to increase 
almost linearly with increase in pressure. With electron currents below 
a milliampere the rate of clean-up also varied linearly with the current, 
but it showed a tendency to increase much less rapidly with electron cur- 
rents exceeding this value. At anode voltages in excess of 25, the rate of 
clean-up was observed to be practically constant and independent of the 
voltage. With freshly baked-out glass bulbs, the fatigue effects ob- 
served were quite pronounced. On covering the glass surface inside 
with a tungsten deposit (by evaporation of one of the filaments) the rate 
of clean-up was found to increase considerably, and much more gas could 
be cleaned up before fatigue effects occurred. The rate of clean-up of 
argon was found to be about half of that of nitrogen under otherwise 
similar conditions. 

The following observations were made on a system consisting of a 
5-in. bulb containing two adjacent tungsten filaments to which was at- 
tached an ionization gauge. The volume of the arrangement was about 
1200 cm®. After a thorough exhaust on the condensation pump, fol- 
lowed by a hashing of the filaments at a high temperature, argon at a 
pressure of 1.35 • 10^® mm of mercury was let into the system and the 
whole sealed off the pump. One of the tungsten filaments was then made 
cathode and raised to the temperature necessary to give an electron emis- 
sion of 5 ma. With 250 volts on the other filament as anode, the pres- 
sures indicated in the following table were obtained at different intervals 
of time. 


( (minutes) 

0 

1.36 


2 

1.2 

0.0266 

4 

1.06 

0.0273 

15 

0.66 

0.0212 

27 

0.36 

0.0213 
Average «« 0.0238 


The approximate constancy of k in the last column shows that the rate 
of clean-up at any instant was proportional to the pressure. 
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Observations were made in the same manner with nitrogen. In one 
experiment, using 5 ma and 260 volts, the nitrogen cleaned up from a 
pressure of 8 to 1 micron in 35 minutes. In all these experiments, if, 
after cleaning up a certain amount of gas, more gas was let into the bulb, 
the rate of clean-up was observed to be much lower. 

Regarding the mechanism of this clean-up, it is difficult to draw any 
positive conclusions. In the foregoing experiments there was no evi- 
dence to show that the gas was cleaned up at the cathode, as for instance 
by the formation of WN 2 . This explanation would certainly not apply 
to argon; the gas was most probably driven into the walls. Subsequent 
heating rarely caused the evolution of as much gas as had been cleaned 
up, so that the ions must penetrate the glass quite deeply. 

Observations similar to those mentioned have been obtained by other 
investigators working with hot-cathode devices. Thus W. H. Eccles, 
in a discussion of thermionic valves,^^ made the following very interesting 
comments regarding clean-up effects in these tubes: 

Many interesting phenomena are observed with the traces of residual gases always 
present even in the hardest of tubes. After running for some time with a given 
electron current to the positive electrode and a given voltage, a steady value for the 
pressure of the residual gas may be reached. If now the voltage is increased, but 
not sufficiently to overheat the positive electrode, the tube will harden, i.e., some of 
the residual gas will be absorbed. On the other hand, if the voltage is reduced, and 
particularly if the filament is simply heated without any voltage being applied to the 
positive electrode, the amount of residual gas will increase. 

These effects are well known to radiologists and various suggestions are put 
forward in explanation. But from the point of view of the development of the high- 
power valves, the whole problem requires careful investigation. 

The fact that an increasing voltage at the positive electrode hardens the valve 
leads to the conclusion that the effects are due to the action of the ionized gas. At 
these voltages the ions are positive, and their observed disappearance must be due 
to their being driven into the hot filament, or into the walls of the containing vessel. 
If they are driven into the filament, how are they retained with the filament at 
2000® C? Is any chemical action involved, or is it the same process as the occlusion 
in the positive electrode? Or is it only the walls of the containing vessel that absorb 
the ions? 

A suggestion has been put forward by Dr. G. B. Bryan of the Physics Laboratory, 
at Royal Naval College, Greenwich, that the occlusion of the gases and the emission 
of positive ions from metallic surfaces at moderate temperature are closely related. 
He visualizes the process as follows: Some proportion of the gas to which the elec- 
trodes are exposed will probably be ionized hyckogen. A positive hydrogen ion is a 
very small heavy projectile with considerable powers of penetration. On striking 
the surface of a solid it will pass through the outer surface and pick up an electron, so 
becoming neutral. Now, however, it is a large body entrapped in among the atoms 
of the metal and unable to escape under ordinary conditions. But at moderate tem- 
peratures the electrons may be shed again, and the positive ion, being no longer en- 

Radio RevieWf 1, 26 (1919), 
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cumbered by the outlying electron, can escape, so constituting the positive emission. 
One peculiar fact has frequently been observed by Dr. Bryan when exhausting a 
valve, viz., that a small liberation of occluded gas will give rise to a greater tendency 
to arcing than the introduction of a much greater quantity of ordinary air. If the 
gas liberated from the electrodes is already ionized, the observation is immediately 
explained. 

This theory is a very interesting one, and is one on which some light could be 
thrown by the entire removal of all traces of hydrogen. At present, however, it has 
never seemed possible to do this, as such extremely small quantities are involved; 
and possibly other ionized gases may be entrapped in the same way. If it is the 
outer electron that is lost, this would seem to be quite possible. 

That the positive ions attain, under even moderate voltages, velocities 
which are much greater than those possessed by the corresponding mole- 
cules at ordinary temperatures, has already been pointed out in the dis- 
cussion of electrical clean-up at higher pressures. It is therefore inter- 
esting to observe that Eccles and Bryan also suggested that this might 
be a possible explanation of the observed clean-up effects in hot-cathode 
devices. 

On the other hand, in a paper by A. L. Hughes®^ another explanation 
was suggested which is to a certain extent equally probable. In these ex- 
periments the electrical clean-up of nitrogen and hydrogen was studied 
in a tube containing as cathode a platinum filament coated with BaO and 
SrO. In most of the experiments the whole tube was kept immersed in 
liquid air and the electron current was maintained constant in any one 
set of measurements. The rate of clean-up was found to decrease grad- 
ually during any run, owing to gradual saturation of the walls of the tube 
(as in the experiments mentioned previously). The initial pressures 
used in these experiments varied from 50 to 2 microns. The conclusions, 
as stated by Hughes, were as follows: 

For hydrogen, no disappearance was obtained unless the electrons had energy 
above 13 volts. The rate of disappearance rose rapidly as the energy of the electron 
was increased to about 70 volts, after which no rapid change was noted (the rate 
appeared to diminish somewhat when the energy of the electrons was raised from 
150 to 300 volts). For nitrogen, the rate of disappearance was at first much less 
than for hydrogen, but when the energy of the electrons was raised sufficiently 
(roughly 200 volts) the rate of disappearance of the nitrogen exceeded that for 
hydrogen. 

In explanation of the mechanism of clean-up Hughes concluded that 
“this disappearance is due to the splitting of the molecules into atoms 
when electrons collide with the molecules, and these atoms condense on 
the adjacent surfaces particularly if they are cold.” This explanation 
would account for the observations made in the experiments by Mrs. 

»* Pha. Mag.. 41, 778 (1921). 
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Andrews and Huthsteiner that a charging up of the tungsten deposit on 
the walls, with either positive or negative potentials, produced no effect 
on the rate of clean-up of nitrogen. On the other hand, such an explana- 
tion could obviously not account for the clean-up of argon. Hughes also 
calculated the ratio between the number of molecules disappearing per 
unit time and the frequency of collisions between electrons and mole- 
cules. Figure 12 taken from his paper gives the relation between the 
value of this ratio (designated b) and the anode voltage, for both nitrogen 
and hydrogen. It is seen that, with approximately 250 volts on the 
anode, about one molecule disappeared for every six collisions, and pre- 
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Fig. 12. Values of 6, the ratio between number of molecules disappearing per unit 
time and frequency of collisions between electrons and molecules, as a function of 
the anode voltage, for hydrogen and nitrogen (Hughes). 

siunably this molecule disappeared in the form of atoms. The theory 
that collisions between electrons and molecules may lead not only to the 
formation of ions but also to a dissociation of these molecules is extremely 
suggestive and may be a satisfactory explanation of the clean-up effects 
in some cases, but it is hardly possible that it is of general application. 

Following up the results* reported by Hughes, N. R. Campbell and 
E. G. New®^ also investigated the relation between rate of clean-up and 
rate of ionization of the gas in a hot-cathode triode. The cathode was, 
in most cases, a tungsten filament. It was surrounded by a nickel-wire 
spiral, similar to the grid of a receiving tube, and the third electrode was 
either a nickel cylinder surrounding the spiral, or a layer of silver, cover- 
ing partially or almost completely the surface of the glass bulb. In the 
experiments the tube was used in the same manner as an ionization gauge, 
with the spiral positive to the filament and the cylinder negative, so that 
it collected positive ions. The anode voltage, Fo, ranged from 60 to 360 
volts, and the ion collector voltage (Fc) was usually —2 volts. ‘*The 
value of Fc, so long as it was of the right sign, was quite without effect 

PhU. Mag., 48, 553 (1924). 
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on the experiments/' The gas used in most of the experiments was 
nitrogen nearly free from argon. 

The pressure was deduced, as in the ionization gauge, from the ratio 
between positive ion and electron currents and a calibration with a 
McLeod gauge. It was observed that at higher pressures the ratio of 
rate of decrease in pressure (ni) to rate of ionization (n2) was independent 
of pressure, and the order of magnitude of this ratio was about 1 . At 
lower pressures the value of this ratio decreased rapidly with pressure and 
tended to approach zero. The value of the ratio was also found to be 
independent of Va and of the arrangement of the electrodes. According 
to the investigators, 

It depends very greatly on the condition, but not very greatly on the material, of the 
walls of the vessel. The number of molecules disappearing is often greater than the 
number ionized. In argon there is no evidence of an absorption simply related to 
ionization. In hydrogen the facts are obscure, but it is probable that there is an 
electrical absorption more rapid than in nitrogen or carbon monoxide. 

In spite of the observed proportionality between ni and n2, Campbell 
and New do not believe that clean-up occurs by absorption of ions, al- 
though they are unable to suggest an alternative hypothesis. Of special 
interest in that connection are the following remarks, from their paper, 
with respect to the effect of heating the walls on the evolution of gas. 

If a vessel exhausted for several hours while maintained at (say) 360® C is sealed 
off, allowed to cool, and then maintained at (say) 100°, the pressure increases, rapidly 
at first and then more slowly, until after a period of many hours (say 100) an equilib- 
rium pressure is attained which does not increase with time. If the vessel is now 
cooled, the pressure falls, rapidly at first and then more slowly; the original pressure 
at room temperature is not usually reached; there is some permanent evolution. If 
the heating and cooling are repeated, an equilibrium pressure, somewhat higher than 
before, is attained, and the final pressure reached on cooling is again somewhat 
greater. If, after the original heating at 100°, the temperature is raised to 200° C, 
the pressure will again reach equilibrium at a higher value. Permanent increases 
are produced by alternate heating and cooling; but there is some reason to believe 
that even this permanent evolution decreases as the cycle is repeated, arid that 
finally a state would be obtained in which the equilibrium pressure is determined 
only by the temperature. 

These features are characteristic of all the well-exhausted vessels we have examined 
(except one, wholly anomalous and unexplained, which gave no change of pfe$SUre 
with temperature), whetheir or not gas has been made to disappear in them by the 
process studied here. In fact. We have never been able to satisfy oursdVeS that the 
absorption of gas by the discharge had any effect on the thermal evolution; it is 
certainly not 'true that, if two vessels are exhausted in apparently the same way and 
gas is absorbed in one and not in the other, that in which gas has been absorbed will 
always give the greater rise of pressure with temperature. In other words, we have 
no evidence that the gas absorbed by this process is capable of being restored by 
heating to any temperature Under 300° Q 
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Nor does there appear to be any temperature below this limit at which the elec- 
trical absorption ceases; if the discharge is passed in the warm vessel absorption 
occurs, but at a smaller rate than at room temperature. 

In the course of the experiments on “residual gas’^ many observations were made 
in which gas was alternately liberated by heating and absorbed by the discharge in 
the same closed vessel. On each repetition of the cycle the equilibrium pressure 
attained at any temperature during the leaking decreased, and the value of nijn^ 
at any pressure during the absorption increased. The cycle on the whole tended to 
remove gas. If the facts are to be represented in terms of vapor pressure, the rela- 
tion between thermal evolution and electrical absorption can be summed up in the 
statement that the discharge progressively decreases the vapor pressure of the vessel. 

In a series of papers published by the research staff of the General 
Electric Company, Ltd., London,^® the results have been reported of a 
comprehensive investigation of the relation between clean-up in hot- 
cathode devices and blue glow. 

‘ Very careful measurements were made of the voltages at which this 
glow sets in. ‘The first observations,” it is stated, 

proved that the glow potential is independent of the temperature of the filament and 
of the thermiomic emission from it in wide limits. If there is no thermionic emission, 
the glow does not appear of course until the spark potential of the gas is reached, but 
the change from this condition to that in which the glow occurs at the very much 
lower potential obtained with a hot cathode is so rapid that it could not be determined 
certainly whether the change was continuous or discontinuous. Once the lower value 
is obtained, no further change occurs even if the thermionic emission is increased 
100-fold. There is no evidence that the glow potential depends at all on the ther- 
mionic emission, so long as it is great enough to give at all a glow potential distinct 
from the spark potential. On the other hand, the glow potential depends greatly on 
the pressure and on the nature of the gas. 

Figure 13 shows the relation obtained in this investigation between 
the pressure and the glow potential for different gases. It will be ob- 
served that the potentials are plotted against the reciprocal of the pres- 
sures. The argon used contained 5 per cent nitrogen. The curves for 
hydrogen show the effects of slight traces of impurities. The glow poten- 
tials observed with increasing voltages were invariably somewhat higher 
than those observed with decreasing voltages, the maximum difference 
being obtained for argon, where it was about 10 volts at a pressure of 
5 microns. 

For mercury vapor the glow potential was observed to be always 32.5 
volts, “whatever the nature of the gas with which it is mixed.” Further- 
more, the addition of any impurity to a gas was often observed to de- 
crease the glow potential below that of either of the constituents. It was 

N. R. Campbell, Phil, Ma^,, 41, 685 (1921) ; N. R. CampbeU and J. W. H. Ryde, 
Phil, Mag.f 40 , 685 (1920). Observations on the clean-up effect in the presence of 
blue glow have also been reported by C. F. Hagenow, Phy$, Rev,, 18, 415 (1919). 
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observed that the appearance of glow was essential for the occurrence of 
clean-up. The spectrum of the light emitted was always that of the gas 
having the lowest value of the glow potential. As will be observed from 
Fig. 13 the glow potential increases with decrease in pressure. Conse- 
quently, with a given voltage the clean-up continued only as long as this 
voltage exceeded the glow potential, and when the pressure decreased to 
such a value as to make the applied voltage lower than the glow voltage, 
the discharge and clean-up both ceased unless the voltage was increased. 

^mm 
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Fig. 13. Relation between glow potential, Vg^ and reciprocal of Pmm for 
various gases (Campbell). 

An important distinction was drawn in this investigation between the 
glow potential and that required for ionization. 

It is clear that the glow potential is not, like the ionization potential, a direct property 
of the individual atoms of the gas; it must also be a function of their mode of reaction 
with each other or with the walls of the vessel; for the glow potential is not, like the 
ionization potential, independent of the pressure. There is no evidence, therefore, 
that the glow represents a new form of ionization of the individual atoms. 

Some interesting observations were recorded on the rate of disappear- 
ance of different gases in the presence of a glow discharge. In the case 



714 


CLEAN-UP OF GASES AT LOW PRESSURES [Chap. 10 


of carbon monoxide it was found that the gas cleaned up in consequence 
of the reaction 2CO = C + CO 2 , the carbon dioxide formed being 
adsorbed on the glass walls. The complete elimination of mercury 
vapor is essential for the occurrence of this reaction. 

If mercury vapor is completely removed, the disappearance continues until the dis- 
charge stops, owing to the rise of the glow potential — ^ any rate, if a potential 
greater than 300 volts is not employed. If fresh carbon monoxide is admitted, it 
disappears again under the discharge at a rate apparently unchanged; a limit to the 
absorption has not been found, although a quantity has been adsorbed equal to at 
least five times that representing a monomolecular layer on the walls. 

On baking the vessel to over 350° C, the greater part of the gas was re- 
evolved, mostly as carbon dioxide. 

Nitrogen was observed to disappear in the same manner as carbon 
monoxide, “in apparently unlimited quantities.” This disappearance 
was accompanied by some decrease in the filament diameter and a black- 
ening of the bulb. Probably WN 2 was formed, as has been shown by 
Langmuir,®^ although Campbell has suggested that the clean-up may be 
due to an absorption of nitrogen by tungsten sputtered from the filament. 

The rate of clean-up of argon was observed to be less than one-fifth 
that of nitrogen, and at the same time rapid blackening of the bulb 
occurred. 

In both nitrogen and argon there is the intimate connection between cathode sputter- 
ing and absorption of gas which Vegard®^ has noted in the discharge without an 
incandescent cathode. 

The observations with hydrogen in the absence of a discharge were in 
agreement with Langmuir ^s observations on the formation of atomic 
hydrogen.^® Campbell observed, however, that in the presence of a dis- 
charge the rate of clean-up was much less than that obtained by purely 
thermal dissociation. 

Very interesting phenomena were observed on passing a discharge in 
mercury vapor. In an otherwise thoroughly exhausted glass bulb, it was 
observed that under these conditions is liberated from the walls. 

The fact that the discharge might evolve gas from the walls instead of 
causing it to disappear had already been noticed by Campbell as occur- 
ring to some extent in nitrogen, carbon monoxide, and argon. In the 
presence of mercury vapor this phenomenon was extremely marked. 

In Tram. A.I.E.E., 32, 1893 (1913), Langmuir has stated that ^*with voltages 
above 40 and pressures above 0.001 mm the nitrogen cleans up, provided the filament 
temperature exceeds 2000° K, and causes an attack on the negative end of the fila- 
ment, producing a brown deposit of WN 2 on the bulb.” 

^ Ann. Physik, 60, 769 (1916). 

w J. Am. Chem. Soc., 37, 1161 (1916). 
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And it should be noted that the gas thus liberated cannot be liberated by mere 
heating of the walls to their softening point; gas can be attached to the walls in some 
such way that it can be liberated by the discharge but not by heating. Of course, 
the attachment may consist of chemical combination; it is possible that glass con- 
tains hydrogen chemically combined, probably as water. But it should be observed 
that the hydrogen liberated, if piled up on the glass, would form a layer at least 
25 molecules deep. Since the potential driving the discharge in these experiments 
was often as low as 50 volts, it is hardly to be expected that the electrons or ions 
could penetrate so far into the glass simply in virtue of the energy which they receive 
from the discharge. It seems easier to believe that a layer on the surface, subject to 
the action of these particles, is constantly renewed by diffusion from within. 

The conclusions drawn by Campbell from these experiments were as 
follows: 

(а) All gases can be made to adhere to glass by the discharge in such a way that 
part, at least, can be restored by heating the glass. 

(б) The amount of gas that can be made so to adhere depends on the nature of 
the gas and on the state of the glass. 

(c) The adhesion is not due primarily to chemical reaction, although such reaction 
(as in the conversion of CO to CO 2 ) may aid adhesion by converting the gas into 
another which adheres more readily. 

(d) The discharge can also liberate gas from the walls, doubtless by bombardment 
of the charged particles, and some of the gas so liberated cannot be liberated by 
heating the glass to the softening point. 

(e) The limit in the disappearance of the gas is reached when the rate at which 
gas is caused to adhere to the glass by the discharge becomes equal to the rate at 
which it is liberated by the bombardment. 

That the clean-up effects are more pronounced in the presence of blue 
glow has been confirmed by work in this laboratory, but the rate of volt- 
age clean-up in hot-cathode devices is quite appreciable even at very low 
pressures, as will be pointed out in a subsequent section. The actual 
values of the glow potentials as given in Fig. 13 are dependent on the 
geometry of the electrodes and size of bulb. For instance, blue glow in 
mercury vapor has been observed at as low as 18 volts, whereas the value 
obtained by Campbell at a pressure of 2 microns was 32.5 volts. 

With regard to the relation between blue-glow potential and electron 
emission, Mrs. Andrews observed that in both argon and nitrogen the volt- 
age required for the appearance of blue glow shows a tendency to decrease 
with increase in emission. At higher pressures it is possible to observe 
two glow potentials; at the lower of these, blue glow appears below the 
anode, and at the upper voltage the glow bccurs both above and below 
the anode. Furthermore, with 250 volts on the anode, it was observed 
that the electron emission at which blue glow appeared varied approxi- 
mately inversely as the pressure. Thus, at 45 microns of argon, the 
electron emission required to produce bliie glow was about 0;16 ma, 
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whereas at 4 microns the necessary emission was about 1.4 ma. In these 
measurements an ionization gauge was used, with the inner filament as 
cathode and the outer one as anode. At the same time the positive-ion 
current to the cylinder surrounding both filaments was measured, and 
it was observed that this current was approximately the same whenever 
blue glow appeared. This signifies that, for the Appearance of glow in 
any device, it is apparently necessary to have a certain density of posi- 
tive ions. This conclusion would also be in accord with the observation 
mentioned previously that the electron current required for blue glow to 
appear varies inversely as the pressure. 

10. CLEAN-UP PHENOMENA IN VACUUM INCANDESCENT LAMPS 

Very early in the development of the incandescent lamp it was realized 
that longer life could be obtained by improving the vacuum. On the 
other hand, it was evidently impractical from the point of view of cost to 
subject each lamp during the exhaust period to the rigorous treatment 
necessary to obtain a high vacuum. Actually, the pressure at which 
lamps were sealed off varied from as low as a few microns to 100 or even 
more. 

In order to obtain a much better vacuum in the sealed-off lamps the 
method suggested by A. Malignani in 1894, which has been mentioned 
previously, was adopted, J. W. Howell and H. Schroeder®® have de- 
scribed the process as follows: 

Malignani painted the inside of the exhaust tube of the lamp with red phosphorus. 
Then, when the filament was raised to high incandescence and the bulb was full of 
blue glow, he closed the connection between the pump and the lamp and heated the 
exhaust tube enough to vaporize the phosphorus. This drove the vapor inside the 
lamp, the blue glow disappeared and a good vacuum resulted. 

This was the first recorded application of ^^getters.^' 

TTie observations on electron emission and clean-up effects in hot- 
cathode tubes, discussed in the previous sections, obviously serve to ex- 
plain, at least partly, the mechanism of the clean-up. The negative end 
of the filament emits electrons, and because of the high positive voltage 
on the other end of the filament ionization occurs and this is followed by 
clean-up. 

The phenomena in vacuum tungsten lamps are similar to those observed 
in carbon lamps. In the older process the phosphorus was distilled into 
the lamp from a top tube with simultaneous flashing of the filament; the 

^ History of the Incandescent Lampf The Maqua Company, Schenectady, N. Y., 
1927, p. 126. 
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more recent process consists in coating the wire with an alcoholic sus- 
pension of red phosphorus and some salt (to prevent subsequent black- 
ening by evaporated tungsten). After the lamp is exhausted and sealed 
off, it is flashed with gradually increasing voltage, and, as the phosphorus 
is volatilized from the filament, blue glow occurs and the residual gases 
are cleaned up.^^® 



Time in minutes 

Fig. 14. Clean-up of residual air in 100-watt, 120-volt ^^ungettered^' lamp. A, 
initial pressure 1 m; initial pressure 5 

Before discussing the theories that have been suggested in explanation 
of the function of phosphorus in cleaning up residual gases, it is of interest 
to mention some of the experimental results obtained by H. Huthsteiner 
and the writer on the rate of clean-up of gases in lamps under various 
conditions. Figure 14 shows the clean-up of residual air in a regular- 
type 100-watt, 120- volt lamp in which no phosphorus or other clean-up 
reagent was used. An ionization gauge attached to the lamp was em- 

For similar observations see also S. Dushman, Phya. Rev.^ 4 , 121 (1914); 5 , 212 
(1915), and C. F. Hagenow, Phya, Bev., 18, 415 (1919). 
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ployed to measure the pressure. Before introducing the air at a definite 
initial pressure, the lamp and ionization gauge were well exhausted by 
baking out at 360° C for 1 hour on the pump and flashing the filaments to 
a high temperature, thus eliminating gases occluded in the glass walls and 
filaments; the electrodes in the gauge were also well bombarded. Curve 
A shows the rate of clean-up with an initial pressure of 1 micron, and 



Time in minutes 

Fig. 15. Clean-up of residual air in 100-watt, 120-volt “gettered'^ lamp. A, initial 
pressure 10 initial pressure 6 m- 

curve B with an initial pressure of 6 microns. The initial flash of blue 
glow disappeared in a fraction of a minute, and, as will be observed from 
the curves, most of the gas cleaned up in this period. The subsequent 
rate of clean-up was not so rapid. The flashing voltage used was 166 
volts, corresponding to 130 per cent of the normal operating voltage.. 

Figure 16 shows the results obtained with a similar lamp in which red* 
phosphorus served as getter. The lamp and gauge were exhausted as 
before, then air was admitted, the lamp removed from the pump, and 
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suspension of red phosphorus in alcohol painted on the leads just below 
the filament. The combination was then re-exhausted, given a 5-minute 
bake-out at 360° C, and sealed off. On flashing at 156 volts, the leads 
heated up sufficiently to volatilize the phosphorus and the clean-up 
curves shown in Fig. 15 were obtained. 

In these cases, also, most of the gas cleaned up during the period of 



Time in minutes 

Fig. 16. Clean-up of argon (curve A) wid of air (curve B) in 100-watt, 120-volt 
lamp gettered with phosphorus and flashed at 144 volts. 

blue glow, as will be seen by comparing these results with those shown in 
Fig. 14; the initial rate of clean-up is much greater in the presence of 
phosphtmis. In the lamp sealed off with air at 10 microns pressure, 
about 97 per cent of the gas disappeared in the first minute. 

Figure 16 shows the difference in the rate, of clean-up of argon and air. 
With argon (curve 4) the initial pressure was 6.5 microns, and with air 
(curve B) the initial gas pressure was 4.5 microns. These observations 
also show the effect of phosphorus in accelerating the clean-up. 

In general, over 90 per cent of the residual gas is cleaned up in a lamp 
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during the blue-glow period, and the rate of clean-up during this time is 
much more rapid than that obtained subsequently. The final pressure 
attained on flashing varies from 0.01 to 0.001 micron. During life the 
pressure continues to decrease very slowly, and even after the filament 
burns out, there is no increase in pressure. 



Fig. 17. Clean-up in two-filament diodes. Curve A, no red phosphorus, anode 
volts - 0; curve B, no red phosphorus, anode volts — 250; curve C, red phosphorus 
on leads of cathode filament, anode volts « 250. 

Observations with different types of lamps have shown that there is no 
appreciable clean-up below 30 volts, but the rate of clean-up increases 
rapidly as the voltage is increased above this value and is extremely rapid 
in 220-volt lamps. 

Any theory regarding the action of the phosphorus in incandescent 
lamps must primarily take into account the phenomena observed in hot- 
cathode devices. Figure 17 shows some results obtained with a two-fila- 
ment diode (similar to that used in studying electrical clean-up effects 
without phosphorus) on the clean-up of residual air. Curve A served 
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as the blank to take into account any purely chemical clean-up, while 
curves B and C show the effect of the presence of phosphorus. These 
observations show definitely that the phosphorus is most effective during 
the blue-glow period, as has already been emphasized in describing the 
clean-up phenomena in lamps. The similarity between curves B and 
C and those obtained in incandescent lamps also leads to the conclusion 
that the clean-up phenomena in the lamps and in hot^cathode devices 
must be quite similar in origin; that is, the reactions probably involve 
the formation of ions as an essential intermediate stage. 

The action of phosphorus in a lamp is undoubtedly not very simple. It 
may be partly chemical, as probably some P 2 O 6 is formed in the presence 
of residual oxygen and this would assist materially in eliminating water 
vapor and hydrogen. In some experirnents carried out in this laboratory 
by Mackay and Huthsteiner it was observed that very large amounts of 
hydrogen could be cleaned up by the action of P 2 O 5 vapor in a lamp and 
that a black deposit was formed on the walls. This deposit was assumed 
to consist of solid compounds of hydrogen and phosphorus, although no 
conclusive evidence for the assumption was obtained. 

Also, as was mentioned in the discussion of clean-up effects at higher 
pressures, it is probable that under the influence of the discharge active 
modifications of the gases are produced which react readily with phos- 
phorus. The fact that, according to Newman, phosphorus, sulfur, and 
iodine are most effective in cleaning up hydrogen, while these three sub- 
stances have also been found to be very efficient ‘‘getters’^ in cleaning up 
residual gas in lamps, lends much support to this point of view. 

Phosphorus itself is a very interesting substance chemically. As is 
well known, it exists in at least two forms at ordinary temperatures — 
the white and the red. The white, on being heated to just below 247° C, 
is converted into the red modification. The red form has an extremely 
low vapor pressure even at 300° C, whereas the white is quite volatile. 
Again, on passing a discharge through the vapor of white phosphorus it 
'is converted into the red modification which deposits as a fine yellow to 
red coloration on the walls of the glass bulb. This phenomenon has been 
investigated very fully by V. Kohlschiitter and A. Frumkin.^®^ 

Howell and Schroeder^^^ in their discussion of the explanations that 
have been suggested for the getter action of phosphorus have remarked 
as follows: 

The residual gases in vacuum lamps, after sealing off, are, on the average, about 
25 microns. In gettered lamps, this pressure will be reduced to less than 1 micron 

Z. Elektrochem,, 20, 110 (1914). 
p. 129. 
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when the lamp has burned for a few seconds, provided the applied voltage is high 
enough. In lamps below 40 volts, the reaction is much slower and may be of a 
different nature. There is evidence that the reaction of the getter with the residual 
gas is not predominantly chemical, since such getters as phosphorus, silica, aluminum, 
or manganous oxide will, when applied to the filament as a getter, clean up such gases 
as hydrogen, nitrogen, carbon monoxide, carbon dioxide, oxygen, water vapor, and, 
to a lesser degree, argon, at about the same rate, and td about the same residual 
pressure, regardless of which getter or gas is used. Chemical action probably takes 
place between phosphorus and oxygen, and also water vapor. In addition to any 
action which may take place in the vapor phase, probably the most important reac- 
tion takes place on the bulb wall. When the lamps with phosphorus, silica, alumi- 
num, or manganous oxide getter are burned, the getter having been thrown to the 
bulb wall and the gas having been cleaned up, a second clean-up can be obtained by 
admitting a small quantity of gad and again flashing the lamp. Only a limited 
quantity of gas can be made to disappear on a single coating of getter in this manner. 
It is believed that phosphorus has a continuing action during the life of the lamp in 
case any water vapor is liberated in its interior. 

The general conclusion is that the vacuum clean-up must be largely an adsorption, 
by the getter on the bulb wall, of gases activated in some manner by an electrical dis- 
charge of sufficiently high voltage. It is believed that the action of the phosphorus 
getter is solely to get and keep the vacuum, as it acts on gases only. 

W. R. Whitney^^^ has mentioned that arsenic, sulfur, and iodine act 
like phosphorus in cleaning up residual gases. In fact, any substance 
that can be sublimed readily can be used. The most plausible explana- 
tion would therefore be that (1) the vapor formed by volatilization of 
these substances assists in maintaining a glow discharge at lower residual 
gas pressures, and (2) the deposit formed by condensation of these vapors 
covers the gas driven into the walls (whether as positive ions or neutral 
dissociation products) and thus prevents any subsequent re-evolution of 
the absorbed gas. 

An interpretation of the phenomena along these lines has been sug- 
gested by N. R. Campbell.^®'* He found, in agreement with other in- 
vestigators, that on passing a glow discharge through phosphorus vapor, 
it was converted into the red form, which deposits on the walls. Hydro- 
gen, carbon monoxide, and nitrogen when mixed with phosphorus vapor 
cleaned up in the discharge very rapidly and in large amounts. An in- 
teresting observation (in accord with those made in this laboratory) was 
that ‘‘a lower final pressure can be reached with a given applied poten- 
tial in the presence of phosphorus than in its absence.’’ The explana- 
tion of this as given by Campbell is as follows: 

The absorption of gas ceases when the glow discharge ceases; and the glow dis- 
charge ceases when the falling glow potential becom^ equal to the applied potential, 

Trans. A./.E.E., 81, 1207 (1912), 

PhU, Mag,y 14, 686 (1921). 
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The admixture of phosphorus vapor with the gas increases the pressure corresponding 
to any given partial pressure of the gas and thus decreases the glow potential cor- 
responding to that partial pressure. It therefore enables the discharge and the 
absorption of gas to continue when the partial pressure has fallen so low that, if the 
gas were present alone and its partial pressure were the total pressure, the potential 
applied could no longer be sufficient to maintain the discharge. When the partial 
pressure of the gas has fallen sufficiently, the phosphorus vapor, and not the gas,, 
begins to disappear; and the disappearance of this vapor proceeds until the pressure 
of the phosphorus has fallen so low that the discharge can proceed no longer. And 
when the discharge ceases because the falling glow potential has become equal to the 
applied potential, it is not started again except by a very great increase of potential, 
owing to the wide difference between the falling and rising glow potentials in this 
vapor. 

Furthermore, Campbell concluded that the reaction leading to the 
conversion of the phosphorus vapor into the red solid is reversible in the 
presence of the discharge. The equilibrium is pushed towards the vapor 
phase when the red phosphorus on the walls is bombarded by positive 
ions, so that 

as long as there is gas present in considerable quantity the conversion of white into 
red is never complete; there is always enough white phosphorus re-evaporating to 
maintain the discharge; and it is only when the gas has been greatly reduced in 
quantity that the equilibrium moves once more towards the solid phase, and a com- 
plete disappearance of all gaseous molecules is obtained. 

This theory would account for the observation, often made in lamp 
practice, that clean-up effects can be made to occur in lamps in which red 
phosphorus is present on the bulb walls instead of on the leads or fila- 
ment. The action would then be dUe to the bombardment of the red 
deposit by positive ions, with the resulting formation of a slight amount 
of vapor. 

Regarding the chemical theory of the action of phosphorus, Campbell 
concluded that there is no evidence for any such theory and gave the 
following experimental observations to confirm this: 

(a) If the gas that has disappeared is restored, it is found to be in the same 
chemical state as it would have been if it had disappeared in the absence of phos- 
phorus. 

(b) There is no simple relation between the quantity of gas that can be made to 
disappear and the quantity of phosphorus necessary for its disappearance. There is 
nothing approaching to a ^law of constant proportions.” 

(c) The amount of gas that will disappear depends very greatly on the surface 
condition of the walls of the discharge vessel. 

As a working theory Campbell suggested that the red phosphorus 
covers the deposited gas and prevents it ^om being liberated again by 
bombardment. At the same time this red deposit provides a new sur- 
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face on which gas can be absorbed. That the red phosphorus deposit 
adsorbs gas even in the absence of any discharge has been observed by 
the writer in a number of experiments. 

From the point of view of this theory, it is therefore possible to account 
for the action of red phosphorus as used in lamp practice as follows; As 
is well known, the ordinary red phosphorus undoubtedly contains small 
traces of the white modification, as shown by the formation of P2O5 when 
it is exposed to air. Furthermore, when the glow discharge starts, some 
of the red phosphorus deposited on the walls becomes converted, as al- 
ready stated, into the white form which volatilizes. This assists in 
maintaining the glow discharges at much lower residual gas pressures than 
is possible in the absence of phosphorus. The positive ions (or dissocia- 
tion products, according to Hughes) formed in the discharge are driven 
into the walls and immediately become covered with the red deposit. 
The gas pressure is therefore reduced very rapidly and finally reaches a 
value at which no glow discharge can occur with the given applied 
potential. 

E. Pietsch^®^ has also mentioned, in this connection, the use of different 
salts, such as NaCl and NaF, in vacuum incandescent lamps. These 
salts, the evaporation of which results in a certain amount of clean-up, 
are also effective in preventing the evaporated tungsten from discoloring 
the glass walls. 

11. ELECTRICAL CLEAN-UP IN HOT-CATHODE TUBES AT VERY 
LOW PRESSURES 

In all the earlier work discussed in the previous sections the clean-up 
was investigated at pressures in the range of 1 to 100 microns or even 
higher; the more recent work has dealt largely with voltage clean-up in 
the range 0.1 to 0.001 micron. 

The arrangement used by W. v. Meyem^^^ is shown in Fig. 18. It 
consisted of a tube with a tungsten filament cathode, K, and a platinum 
ring-shaped anode A, 2 cm in diameter. The discharge tube was set 
inside a solenoid {S) by means of which a field of 300 gauss could be ob- 
tained. Pressures were measured by means of an ionization gauge, and 
the voltage on the anode could be varied from 0 to 1000 volts. 

In the presence of a magnetic field acting parallel to the axis of the tube 
the electron paths are elongated spirals, and consequently the electrons 

Loc. ciU 

loe Pqj. discussion of the role of these salts, see L. Hamburger, Proc, Royal Acad, 
Amsterdam, 21, 1062 (1919); 28, 379 (1921); 26, 463 (1923). 

Z. Physik, 84, 631 (1933). 



Sec. 11] ELECTRICAL CLEAN-UP IN HOT-CATHODE TUBES 


725 


pass through the ring for a certain distance, then reverse their paths, and 
repeat this a number of times before they are collected by the anode. 
Hence the ionizing distance is very much greater than it would be in the 
absence of a magnetic field, and, as would be expected, the rate of clean- 
up is much more rapid in the presence of the magnetic field. 



Fig. 18. Tube with 
hot cathode {K) and 
ring anode (A) in 
magnetic field pro- 
duced by the sole- 
noid (/S'). Clean-up 
observed in absence 
and also in presence 
of magnetic field 
(von Meyem). 



Fig. 19. Plot of Pmm (on log scale) versus 
time during clean-up of air and hydrogen in 
absence of magnetic field (curves 1 and 2) 
and in presence of magnetic field of 280 
gauss (curves 3 and 4) (von Meyem). 


Figure 19 illustrates the results obtained for air and hydrogen in the 
absence of a magnetic field (curves 1 and 2) and in the presence of a field 
of 280 gauss (curves 3 and 4). The initial pressure in all four cases was 
1 • 10"^ mm, and, as will be observed, the rate of clean-up in the 
presence of the field was approximately exponential during the first 
minute. The initial value of the electron current was 1.5 ma, and the 
anode potential was 820 volts for hydrogen and 900 volts for air. After 
the discharge was stopped the residual gas pressure remained at the low 
value for a while and then gradually increased to about 1.7 • lO""® mm in 
a period of several hours. 

On heating the bulb to 200° C, all the absorbed gas was re-evolved; 
there was no appreciable absorption by the anode. A large fraction of 
the gas cleaned up in presence of a magnetic field was evolved if, after an 
equilibrium state was reached, the field was cut off. Evidently electrons 
striking the walls were able to remove gas previously absorbed. 
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The clean-up was found to improve with repetition of the sorption and 
desorption operations. If after cleaning up the gas from 10"“^ to 10“^ 
mm, a fresh volume of gas was introduced at mm, the rate of clean- 
up was decreased and the final equilibrimn pressure increased. That is, 
the sorption phenomena exhibited fatigue effect^s. In no case was the 
total amount of gas cleaned up more than a fraction of that required to form a 
monolayer on the wallSy and v. Meyern therefore concludes that all the 
observations can be interpreted, on the basis of Langmuir’s views, as the 
establishment of an equilibrium between rate of condensation and rate 
of re-evaporation. 




400 600 800 1000 0 100 200 300 

Volts Gauss 

Fig. 20. Plot of final values of Pmm (on log scale) versus anode volts (o) and versus 
magnetic field (6) for clean-up of argon in tube shown in Fig. 18. 

Confirming Campbells conclusions, it was observed that clean-up 
occurred only at anode voltages in excess of the glow potential, Vgy 
which is defined by v. Meyern as that voltage at which the law 
(space-charge effect) is no longer followed. At this point the electron 
current increases rapidly, blue glow set# in, and clean-up occurs. 

Since the value of increases with decrease in pressure it is possible 
with a given anode voltage to clean up the gas to a point at which this 
voltage is equal to Vg, after which no further clean-up occurs. This 
could be observed only in the absence of a magnetic field. In the pres- 
ence of a magnetic field it was observed that the electron current which 
could be drawn from the cathode (even on increasing its temperature) 
decreased to such a low value even with an anode voltage of 1000 that 
the rate of clean-up became very small. This decrease is due to the in- 
creased space-charge effect resulting from the presence of the magnetic 
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field. In the absence of this field, the decrease in electron current with 
decrease in pressure was not observed. 

These experiments on clean-up under the combined influence of high 
anode voltages and longitudinally directed magnetic fields were subse- 
quently extended by v. Meyern^^® to helium, argon, and nitrogen in the 
range 5 • 10“^ to 1 • mm. The same arrangement was u^, but 
with a more sensitive ionization gauge. Before each set of observations 
on clean-up, the precaution was taken to bake out the tube for 1 hour at 
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Fig. 21. Semi-log plots of pressure versus time for clean-up of argon at 800 volts 
at a series of values of the magnetic field (von Meyem). 

360® C and for a short time at 400® C, in order to degas the glass walls as 
much as possible. 

Figure 20 shows the variation in the value of the final pressure ob- 
tained, as a function of (a) anode voltage and (6) magnetic field strength. 
These observations were made with argon, and the results obtained 
were similar to those for the other gases. 

Figure 21 shows the rate of clean-up of argon at 800 volts as affected 
by variation in magnetic field strength. It was found that these curves 
could be represented very satisfactorily by the first-order rate equation 

( 1 ) 

where P pressure at any instant, P« » equilibritun pressure, and A; is a 
constant, the value of which depends upon the intensity of magnetic field 

*1, 727 (1934). 



728 


CLEAN-^UP OF GASES AT LOW PRESSURES [Chap. 10 


and anode voltage. If we let Pi denote the initial pressure, then the 
integral has the form 



The results obtained may be summarized as follows: 

1. In the case of helium a slight clean-up (at an anode voltage of 800) 
was observed only in the presence of a magnetic field (240 gauss) ; argon 
was cleaned up at the same voltage even in the absence of a magnetic 
field. The fraction of the total surface of the tube covered with a mono- 
layer, at equilibrium, increased from 0.37 to 3.1 per cent, with variation 
in initial pressure from 3,0 « lO””® to 4.0 • 10““'^ mm. At the same time, 
the equilibrium pressure varied from 1.33 • 10“^ to 2.73 • 10*“^ mm. 

2. In the absence of a magnetic field, and at the same anode potential, 
the clean-up of nitrogen was greater than that of argon. The fraction 
of the surface covered at equilibrium increased from 2.3 to 8.7 per cent, 
with increase in initial pressure from 1.0 • 10“^ to 4.3 • 10“^, and the 
equilibrium pressure varied from 7 • 10~® to 7.2 • 10~^ mm. 

3. In the presence of a magnetic field (240 gauss) all rates of clean-up 
were increased; the values of the total fraction of the surface were higher, 
varying from a maximum value of the fraction of the surface covered of 
1.8 per cent for helium to 9.5 per cent for nitrogen, and the values of the 
equilibrium pressures attained were lower than in the absence of a 
magnetic field. 

4. If the magnetic field was cut off, after clean-up had taken place, 
there was a considerable desorption of the glass walls due to electron 
bombardment. 

5. The quantity of gas cleaned up was found to be proportional to the 
initial pressure. 

More recently a comprehensive investigation of clean-up at pressures 
below 0.1 micron has been reported in two papers by H. Schwarz.^®® 
In the first of these the clean-up is shown to be dependent on nega- 
tive charges on the glass walls. The walls become charged negatively 
by secondary emission, the efficiency of which increases with the energy 
of the primary electrons, and is lower, for the same electron energy, 
from a well-degassed surface than from one that is covered with a 
layer of gas. The positive ions are driven into the glass walls by the 
field, and it was found that in some cases the gla^s walls adsorb as much 
as 1.7 times that required to form a monolayer. It was furthermore 
observed that in a tube with metal walls no clean-up occurred. 

Physik, 117, 23 (1940); 122, 437 (1944). 
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The second paper deals with clean-up in an ionization gauge, at very 
low pressures. Not only may positive ions be driven into the walls, but , 
also these positive ions can drive out gases already sorbed in the walls, 
thus changing the composition of residual 



The electrical clean-up is intensified, as 
Schwarz has demonstrated, by increasing the 
ratio (^p/^e) of positive ion current to electron 
current for a given pressure. This may be 
accompanied either by change in design of 
gauge or by placing the gauge in a magnetic 
field, which increases the length of the electron 
paths. 

The construction of gauge used in this inves- 
tigation is shown in Fig. 22. The positive-ion 
collector was a cylinder made of sheet nickel 
0.1 mm thick, 2 cm in diameter, and 3 cm long. 

The grid consisted of 18 turns of 0.3-mm-diam- 
eter nickel wire, wound in a spiral 0.75 cm 
in diameter and 3 cm long. Finally, the cath- 
ode, which was located along the common axis 
of both cylinder and grid, was a tungsten wire 
0.2 mm in diameter and 5 cm long, connected 
to the leads H. The collector was maintained 
at —5 volts, and the grid at +110 volts, with 
respect to the negative end of the cathode. 

The temperature of the cathode was main- 
tained at a value required to emit 1 to 2 ma 
electron current. 

In the case of hydrogeriy there was observed 
a decrease in pressure, in 3 minutes, from 1.55 micron to 1.5 • 10"“^ 
micron, which resulted from dissociation in contact with the hot fila- 
ment in the absence of any electron current. In the case of argon 
and in that of nitrogen clean-up occurred only when ionization was pro- 
duced by the electrons from the hot cathode. 

Another phenomenon, mentioned above, which was observed in these 
experiments, was that of interchange of molecules between the gas in the 
space and that already adsorbed on the walls. This was recognized by 
the change in the value of ip/ie at constant pressure, the pressure being 
measured by a Gaede molecular manometer. In one experiment nitro- 
gen was cleaned up by successive introduction of fresh samples until com- 
plete saturation was attained at a pressure of a few tenths of a micron. 


Fig. 22. Design of ion- 
ization gauge used in 
investigation on clean-up 
of gases at very low pres- 
sures (Schwarz). 
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The gauge was then thoroughly evacuated and argon introduced at a 
pressure of 0.421 micron. Although the pressure as read by the molecu- 
lar manometer remained practically constant, the value of the ratio 
iplu changed continuously, in such a manner as to indicate a substitution 
of argon for nitrogen in the walls, and finally most of the gas in the gauge 
consisted of nitrogen. 

In another experiment there was an interchange in the opposite direc- 
tion. Argon was cleaned up until the electrodes and glass walls were 
saturated. Then nitrogen was introduced, and it was found from the 
variation in the value of ipA'e, at constant pressure, that nitrogen was 
actually replacing the adsorbed argon, so that finally the gas in the gauge 
consisted almost wholly of argon. 

On the basis of these observations Schwarz has drawn the conclusion 
that the ionization gauge is unreliable for the measurement of very low 
pressures. This conclusion is undoubtedly valid if the gauge is used to 
measure the pressure in a small volume. As pointed out, however, in 
Chapter 6, section 8, it is possible in general, by operating the gauge for 
very brief periods, to reduce to a minimum effects due to both chemical 
and electrical clean-up and thus to obtain data that are fairly reliable. 

12. PRODUCTION OF EXTREMELY LOW PRESSURES IN 
SEALED-OFF DEVICES 

In certain types of investigations, such as those dealing with ther- 
mionic and photoelectric emission, contact potentials, and secondary 
electron emission, it is absolutely essential to obtain surfaces that are as 
clean as possible. It is also necessary to maintain such a good vacuum 
that these surfaces shall not be contaminated by traces of residual gases, 
at least for a sufficiently long period to make certain that the observed 
data are characteristic of the clean surface. 

Even at as low a pressure as 10~® micron, the rate at which oxygen 
molecules at room temperature strike a surface is 3.6 • 10“ molecules 
per cm^ per sec. Assuming that the number of molecules required to 
form a monolayer is 8.26 • 10“ (as indicated in Table 7;25), and that 
every molecule incident on the surface is adsorbed, 10 per cent of the sur- 
face would become covered with a layer of oxygen molecules in about 
3.8 minutes. A contamination of this magnitude would decrease the 
photoelectric emission by a factor of the order of 10, at least, and thus 
lead to quite erroneous observations. 

In the preceding chapters it has been shown that glass and all metals 
contain considerable amounts of dissolved gases (as well as adsorbed 
gases) and that the rate of evolution of these gases under vacuum con- 
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ditions increases exponentially with the temperature. Some metals are 
more “gassy” than others, and in order to liberate the gas it may be 
necessary to heat them to temperatures at which the rate of volatiliza- 
tion is appreciable.^^® As emphasized in section 2 above, deposits ob- 
tained by volatilization may serve a very useful purpose as getters. But 
for proper functioning the getters should be preheated in order to elim- 
inate any dissolved gases. 

It should be borne in mind that the ultimate pressure obtained in any 
device represents an equilibrium state between the rate at which gas is 
evolved from glass walls and metal parts, and the rate at which these 
gases are removed, either by adsorption or pumping. Hence it is of 
extreme importance to take every precaution in investigations such as 
these under discussion to treat all parts of a system or device, while 
under exhaust, in such a manner that subsequent evolution of gases will 
be reduced to the minimum. 

The story of the development of a vacuum technique adequate for the 
purpose mentioned begins with the epoch-making investigations of 
Langmuir and his associates, in 1912-1913. At that time a considerable 
number of physicists believed that electron emission from an incandes- 
cent metal surface at low pressures is due to the presence of residual 
traces of gas and that consequently this thermionic emission should dis- 
appear in a very good vacuum.^*^ 

In order to demonstrate the existence of a pure thermionic emission 
and the validity of the space-charge relation, Langmuir*'^ used a bulb 
containing two hairpin tungsten filaments either of which could serve as 
electron emitter and the other as anode. During exhaust (by means of a 
Gaede rotary mercury pump) the bulb was heated for 1 hour at 360® C, 
which was as high a temperature as was practical without deformation of 
the bulb by atmospheric pressure. A liquid-air trap was placed be- 
tween bulb and pump. The filaments were heated to 2700-2800® K in 
order to degas them, and the bulb was sealed off. In order to improve 
the vacuum, the filaments were aged at 2400° K for about 24 hours, 
which served to clean up the residual oxygen and nitrogen. “To still 
further improve the vacuum in some cases,” Langmuir states, “the entire 
bulb was immersed in liquid air and the filaments again heated to high 
temperature for a short time.” As shown subsequently by the writer, 

Tills topic is discussed at length in Chapter 11. 

The writer, who was associated .with Dr. Langmuir at this time, could relate 
many amusing incidents regarding the ideas of some “famous” scienrists and their 
reactions towards the results published at that period from this laboratory. 

»» P%«. Ree., 2, 460 (1913). 

Pky». R$»., 6 , 312 (1015). See Chapter 6, section 4. 
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observations taken with the molecular gauge indicated that the lowest 
pressure obtained in Langmuir’s experiments was certainly well below 
about 4 • 10“^ micron.^^^ 

This technique which involves heating the glass during exhaust for 1 or 
more hours at about 360"^ C for soft glass (and at 500° C for Pyrex), heat- 
ing the electrodes either by passage of current in the case of filaments or 
by electron bombardment to as high a temperature as practicable, seal- 
ing off the pump, and improving the vacuum in the sealed-off device by 
chemical or electrochemical clean-up — this procedure for obtaining a 
good vacuum became recognized practice. 

One other contribution made by Langmuir to high-vacuum technique 
was the demonstration (discussed in Chapter 8) that in order to remove 
water vapor efficiently from the walls of glass vessels the heating during 
exhaust should be carried out in two or more stages of gradually de- 
creasing temperatures. In that connection mention should also be 
made of Langmuir’s suggestion regarding the heating of the glass bulb, to 
temperatures above those used normally, in a vacuum furnace, in order 
to prevent collapse of the walls. 

The procedure described above was applied by Langmuir in his investi- 
gations on electron emission from thoriated tungsten, in which, in 
order to eliminate the effect of residual gases, the pressure had to be re- 
duced to a value even below that required for observations on the emis- 
sion from pure tungsten. In this case the improvement in vacuum was 
obtained by prolonged evaporation of tungsten at 2900° K with the bulb 
immersed in liquid air. 

A slightly modified procedure was used by S. Dushman, H. N. Rowe, 
Jesse Ewald, and C. A. Kidner in their investigation on the thermionic 
emission from tungsten, molybdenum, and tantalum. The tubular 
bulbs containing hairpin filaments were baked out during exhaust for 1 
hour at 360° C. After the bulbs were cooled, the filaments were flashed 
for several minutes at temperatures just below those of noticeable vola- 
tilization (2700-2800° K for tungsten) and then maintained at slightly 
lower temperatures for 1 hour. Calcium was then volatilized from a 
spiral tungsten filament surrounding the metal. This formed a deposit 
bn the walls and functioned, by means of flush seals in the glass, as anode. 

This corresponded approximately to the lowest pressure that could be measured 
by means of the gauge. 

U. S. Patent 994,010. This furnace is described by 0. W. Richardson, The 
Emission of Electricity from Hot Bodies, Longmans, Green and Company, London, 
Second Edition, 1921. 

Phys, Rev,, 22, 357 (1923). 

Phys, Rev., 26, 338 (1925). 
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After seal-off the filaments were aged at 2400° K for 24 hours and emis- 
sion data were taken with the bulb immersed in liquid air. 

For the determination of contact potentials between tungsten and 
adsorbed films of cesium and thorium on tungsten and oxygen-tungsten 
surfaces, Langmuir and K. H. Kingdon^^® used a tube containing two 
loop filaments surrounded by two cylindrical anodes. All metal parts 
were outgassed at high temperatures, and the observations were made 
with the tube immersed in liquid air. 

We shall now consider some of the most recent publications which con- 
tain detailed descriptions of the technique used for obtaining very high 
vacuum. 

In order to determine as accurately as possible the contact difference 
of potential between tungsten and barium and the electron-emission work 
function for barium, P. A. Anderson^^® developed a method for out- 
gassing the surface by which highly reproducible measurements could be 
obtained. 

The method of measurement may be described briefly as follows: A 
beam of low-velocity electrons was directed by an electron gun against a 
small area near the center of a strip of tungsten foil, and the current to 
the foil was plotted as a function of the retarding potential applied to the 
strip. As Anderson states. 

Any change in the work function of the (tungsten) surface, whether due to read- 
sorption of gas or to the deposition of another metal, produces a shift of the straight- 
line portion of the curve by an amount equal to the contact difference of potential 
between the initial and final states of the surface. 

An oven of molybdenum foil in which metallic barium could be vapor- 
ized was arranged in such a manner as to direct a stream of the vapor 
against the tungsten surface. 

The procedure used for evacuation of the tube and preparation of the 
surfaces is described as follows 

During outgassing the tube was connected with a conventional pumping system which 
consisted of, numbering from the tube, two liquid’^ir traps in series, carbon dioxide 
trap, McLeod gauge, and Gaede two-stage mercury diffusion pump. There were, of 
course, no waxed or greased joirUs between pump and tube. The liquid-air trap nearest 
the tube showed no trace of condensed mercury at any time. Before the barium was 
put into the oven the tube was baked at 500^ C for at least 48 hours and the metal parts 
were given a preliminary heating. The tube was then opened (at a sealed-off tip 
provided for this purpose), about 1.5 grams of barium placed in the oven, and the 

Phys, Rev,, 84, 129 (1929). 

Phys, Rev,, 47, 958 (1935). 

1’^ The features in this description which the writer considers of special importance 
from the point of view of vacuum technique are italicized. 
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tube quickly sealed off and evacuated. . . . After re-evacuation the oven was glowed 
and the barium melted down thoroughly. The tube was then baked again for at 
least 60 hours at 350® C (a slow distillation of barium which destroys the insulation 
in the tube seems to occur at 500*^ C) and all of the tungsten strips were flashed 
intermittently. 

Besides the test tungsten strip mentioned above there were two strips 
which surrounded the cathode in the electron gun. The maximum 
temperature used for the latter was 2200° K, while the test strip was 
flashed at 2800° K. 

During these treatments the molybdenum support wires became white hot and the 
tungsten leads themselves probably were heated sufficiently to effect a superficial 
heating of their surfaces. The tube was sealed from the pump while still hot and a 
fresh coat of barium immediately deposited on the walls of the oven chamber. 

The final cleaning of the tungsten ribbon was accomplished after sealing off and 
immersing the tvbe in liquid air. 

After taking a series of measurements on the clean tungsten surface 
it was turned about an axis in order to receive the barium vapor jet 
emitted from the oven. Anderson states, 

In practically all cases the work function of a fresh barium film remained constant^to 
within a few millivolts for periods of at least 20 or 30 minutes and continuation of the 
observations on a single film for an hour or more has failed to discover variations 
greater than this. 

In order to measure the contact difference of potential between barium 
and silver, the procedure adopted by Anderson^^^ was to evaporate films 
of each of these metals from separate ovens. He states, 

In work function investigations of the intermediate-melting-point metals (e.g., 
silver, copper, gold) by thermionic, photoelectric, and contact potential methods it 
has been customary to study massive specimens of the metals and to rely on pro- 
longed heating for the outgassing and cleaning of these specimens. Consideration 
of the vapor-pressure curves for these metals and for the metallic salts and oxides 
which must be assumed to be present on the most carefully handled specimens (the 
oxides and salts of the alkali and alkaline-earth metals which are most likely to be 
present are especially effective in vitiating results and have, also, especially low vapor 
pressures) forces the conclusion that it is impossible to clean a massive specimen 
completely by such treatment no matter how it is prolonged. Our methods of 
measurement have been based, therefore, on the premise that it is possible to secure 
clean surfaces of these metals only by fractiorud dietdlation in an adequate vacuum, 
where an “adequate vacuum” is defined as one for which the rate of deposition of 
residual gas on the surface is so low as to produce no measurable change in the work 
function of that surface in the time required for its preparation and measurement. 

As in the preceding investigation the tube was given a preliminary 
bake-out at 500° C for 48 hours, during evacuation. 

Phys. Rev., 49, 320 (193d). 
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At intervals during this baking the electron gun was subjected to high-frequency 
heating at 1000° C or higher and the ovens were flashed at about 2000°. The tube 
was then opened, the silver and barium quickly introduced, and the tube reclosed and 
immediately re-evacuated. It was then subjected to seven or eight bakings of 
8 hours each at about 360° C, between which were interspersed high-frequency 
heatings of the electron gun, flashings of the ovens at temperatures sufficient to melt 
down the barium and silver, and flashings of the electron emitter at temperatures 
well above its normal operating temperature. The tube was sealed from the pump^ 
ing system while still hot and a fresh coat of barium immediately vaporised to the 
walls of the tube. 

The measurements were taken with the tube immersed in liquid air, 
and, after the emitter had been operated long enough to establish steady 
emission, the barium oven was flashed to deposit a film of this metal. 
The reproducible characteristic data for this film having been obtained, 
the silver oven was flashed and the characteristics of the film of this 
metal were determined. 

For the measurement of the contact difference of potential between 
barium and magnesium^ Anderson adopted a design of tube somewhat 
more complicated than the tubes used in the two previous investigations, 
but the exhaust procedure was quite similar, except that an oil diffusion 
pump was used instead of a mercury pump. The tube was protected 
from oil vapors by two long charcoal traps in series. He states. 

These traps were of a new design which permits heating the charcoal to incandes- 
cence in an all-Pyrex system. The behavior of this tube was indistinguishable from 
that of the others which were pumped with mercury vapor and protected by double 
liquid-air traps. 

In a fourth publication, dealing with the contact difference of poten- 
tial between barium and zinc apd the determination of the external work 
function for zinc, Anderson has emphasized the advantage of using the 
emission from a pure tungsten surface os a criterion of good vacuum. He 
states, 

It has been found in numerous published and unpublished results in this laboratory 
that tungsten, cleaned by flashing to 2800° K and then allowed to cool, invariably 
shows a drift of work function, but that, in well-gettered tubes, this drift does not 
become measurable until several minutes after flashing. In tubes immersed in 
liquid air the drift may be postponed for as much as 20 minutes. 

The rate of deactivation of a thoriated-tungsten filament has been 
used in a similar manner by W. B. Nottingham^^* as a measure of the 
magnitude of the residual gas pressure, in connection with an investiga- 

1*2 Phys. Rev., 54, 763 (1988). 

1*2 Rev. Set. InstrumerUe, 8, 493 (1937). See Chapter 5, section 4. 

i*^PAya.Rei;., 57, 122 (1940). 

1*2 J. Applied Phye., % 762 (1937); also see Pkye. Rev., 55, 203 (1939). 
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tion of the characteristics of willemite under electron bombardment. 
The experimental tube contained three cylindrical anodes with a com- 
mon axis along which was located the thoriated filament. The two 
outer anodes were used as ^^guard rings/^ while the central anode had 
two small openings located opposite to each other. In one of these 
openings was placed a small glass plate on which the phosphor had been 
settled, while the other opening was used as a window for measuring the 
intensity of the luminescence produced by bombardment of electrons 
from the filament.^^^ 

The procedure for evacuation was similar in many respects to that 
followed by Anderson. The metal parts were given a preliminary heat 
treatment, and the tube itself (made of Pyrex) with seven single lead 
tungsten-to-glass seals was connected to an exceptionally good vacuum 
system for the preliminary baking of 3 or 4 hours at 500® C. 

The tube was then cracked open and the metal parts assembled on the 
leads. After inserting the test plate covered with the phosphor, ^^eight 
to ten aluminum-barium getter pellets^^^ were welded in the form of a 
ring and mounted in a side tube.’' 

As Nottingham states, 

After the tube was completely assembled and sealed back together at the *^crack-ofif,” 
the exhaust schedule lasting between 10 and 30 hours was started. After a l-hour 
bake at 500° C and about 3 hours at 470° C, during which time the liquid-air trap and 
the connection between it and the tube were also baked at the same temperature,^^ liquid 
air was put on the trap and following this the ^^tube oven’' and the ‘^connection 
oven" were removed. The filament was then flashed and activated and the bom- 
bardment of the anodes begun. This was continued until a vacuum of the order of 
IQ-® mm of mercury was obtained with the first anode nearly at a “white heat" and 
the getter ring at as bright a red as was considered the maximum which would not 
explode the getter. During the early stages of heat treatment it was found that the 
gas given off rapidly deactivated the filament, as indicated by a considerable decrease 
in electron emission. The time required to bring about this deactivation served as a 
better indication of the condition of the tube than any measurements which could 
have been made with an ionization gauge. The tube was operated at about ten 
times the normal maximum load during this heat treatment in that 10 to 15 ma of 
electron current flowed from the filament to the anodes with a difference in potential 
between the filament and these collectors of 10,000 volts. . . . When it was found that 
under these conditions the filament remained well activated for a period of an hour 

The actual construction of the tube was more complicated than described in 
this discussion, but, in view of the fact that the topic of interest is the vacuum 
technique used, further details have been omitted. 

These were type C-400 barium-aluminum getters furnished by King Labora- 
tories, Syracuse, N. Y. Nottingham states that these pellets “were found to be 
particularly satisfactory since they will withstand baking at 500° for long periods of 
time without appreciable evaporation before firing." 

Italicized by the writer. 
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or so, the seal-off capillary was softened and the getter ring heated to explode the 
getter. The tube was finally sealed off after another hour or so of heat treatment 
and pumping. After this rather vigorous exhaust schedule, the tube could be 
operated indefinitely at 10,000 volts with as much as 1 ma of current to the anodes 
without appreciable loss of activity of the cathode surface. 

In connection with the exhaust, in this laboratory, of small Coolidge 
tubes it was observed that it was extremely important to give the seal-off 
constriction a prolonged torching before seal-off. 

As is evident from the preceding discussion it is most important, in 
order to obtain as good a vacuum as possible, to give the glass a bake- 
out, and this should, preferably, be carried out over a prolonged period 
interrupted by periods of cooling. It is equally important to heat all 
metal parts to as high a temperature as possible, short of evaporation. 

As mentioned in the previous chapter, it was demonstrated by Norton 
and Marshall that, after heating tungsten and molybdenum to a high 
temperature either in a vacuum or, preferably, in an atmosphere of very 
pure, dry hydrogen^ these metals could be exposed to the atmosphere 
without adsorbing any considerable amount of gas. In fact, as will be 
discussed more fully in Chapter 12, a high-temperature treatment of 
metal parts in pure, dry hydrogen, when such treatment does not re- 
sult in embrittlement (see preceding chapter), saves a good deal of time 
in the subsequent evacuation of devices containing these parts. 

There are some other features in the exhaust procedures described 
above which should be emphasized strongly. One is the avoidance of 
waxed joints and stopcocks. If necessary, a stopcock should be intro- 
duced between the vapor pump and the mechanical pump. For intro- 
ducing gas into a high-vacuum system a barometric mercury cut-off, 
with liquid-air trap between this and the system, should be used. 

A second feature is the use of two liquid-air traps in series, so that the 
one nearest the experimental tube can be given a bake-out along with 
the tube. 

Figpre 23 shows a diagrammatic sketch of an exhaust system which 
has been designed and used by L. Apker, in this laboratory, in connec- 
tion with an investigation on the work functions of semiconductors. 
The dashed rectangles indicate ovens that can be arranged to bake out 
different parts of the system. The following exhaust procedure, used by 
Apker, is based on the investigations carried out by Nottingham on 
high-vacuum technique, 

Initially the tube A, gauge (?, and the liquid-air traps rr-2, and TrA 
are given a prolonged bake-out at 600® C. Then the two lower ovens 
surrounding Tr-1 are removed, liquid air is put around it, and the bake- 
out is continued for a longer period on the rest of the system. At the 
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end of this treatment, the upper oven is removed, all metal parts are 
heated by high-frequency and electron bombardment, and the tube is 
again heated at a moderate temperature. 



Fia. 23. Diagrammatic sketch of exhaust system for production of extremely low 
pressure (Nottingham, Apker). A, tube to be evacuated; G, ionization gauge; 
Tr-1 and Tr~2, liquid-air traps; P-1, mercury-vapor pump; and P-2 rotary oil pump. 
The bulbs B and C are used to prevent diffusion of oil vapor into the 

mercury-vapor pump. 

If the tube is to be operated on the exhaust system, liquid air is ap- 
plied to Tr-2 immediately after the last bake-out. If, however, the tube 
is to be sealed off, the constriction is heated to near the softening point 
of the glass for about 15 minutes, and pumping is continued for a couple 
of hours, with the tube hot. The getter is then flashed, liquid air is 
applied to rr-2, and the tube is sealed off. 

The pressure in a well-evacuated tube, as computed from the calibra- 
tion of the ionization gauge with nitrogen, is approximately 10“"® mm of 
mercury. 
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It should be observed that the pump P-1 is of the type shown in Figs. 
4.26 and 4.27. The bulbs B and C are used to take care of any oil that 
might back up from the mechanical pump P-2. 

Apker has expressed the opinion, which is in agreement with earlier 
statements by Anderson and Nottingham, that the constancy of emission 
from a clean tungsten surface is an even more sensitive indication of 
vacuum conditions in the system than the ionization gauge. 
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VAPOR PRESSURES AND RATES OF EVAPORATION 

1. THERMODYNAMICAL RELATIONS 

In connection with investigations and industrial developments in the 
field of high vacua, a knowledge of the vapor pressures of the materials 
used is often of great importance. Whether the problem concerns metals 
operated at high temperatures or gases and vapors at very low tempera- 
tures, information on the vapor pressures and rates of evaporation is 
frequently essential in order to be able to interpret results observed and 
also to guide the experimenter in the choice of metals for specific tempera- 
ture requirements. 

In discussing the available data on materials of interest in high- 
vacuum technique it has appeared to the writer to be most convenient 
to present this information in two sections. The first one deals with 
vapor pressures of metals and carbon, that is, mostly those materials 
which evaporate at appreciable rates only at temperatures above the 
normal range. The second one is devoted to a consideration of the 
vapor pressures of condensible and ^^non-condensible” gases at tempera- 
tures below the normal range. Thus, the data presented in the first 
part of this chapter are of interest in vacuum metallurgy, and in those 
investigations where it is desirable either to raise the temperature to as 
high a value as possible without obtaining appreciable evaporation or to 
actually evaporate some of the metal to form a thin deposit. On the 
other hand, it is of interest in using low-temperature traps to know the 
vapor pressures, at these temperatures, of gases which it is desired to 
eliminate from the vacuum system. Such data are presented in the 
second part of this chapter. 

The methods that have been followed for the determination of vapor 
pressures have been described fully both in treatises on the subject of 
physical measurements and in a large number of publications. These 
methods differ according to the range of pressures under investigation 
and according to the volatility ^of the material in the temperature 
range under investigation. Of special interest in high-vacuum work 
are data on the temperatures corresponding to vapor pressures be- 

740 
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low 1 mm of mercury. For this reason most of the data given in 
this chapter are applicable to this range of pressures. 

The methods for the determination of vapor pressures of metals have 
been reviewed by R. W. Ditchburn and J. C. Gilmour (2).^ Most of 
them are based upon the application of Knudsen's relation for the rate 
at which molecules strike a surface, and some of these applications have 
been discussed in Chapter 1, section 6. The methods for the determina- 
tion of low vapor pressures of oils have been discussed in a paper by 
F. H. Verhoek and A. L. Marshall.^ 

For highly refractory metals, such as tungsten, molybdenum, tan- 
talum, and columbium, the vapor pressures have been deduced from 
determinations of the rate of loss in weight of filaments at constant 
temperatures. For these metals the principal problem has been the 
accurate determination of the temperature. An illustration of the 
extreme precautions that must be taken to secure such accuracy is given 
in the paper by A. L. Marshall, R. W. Dornte, and F. J. Norton (6) on 
the evaporation of iron and copper. 

As will be discussed more fully in the following chapter, the most re- 
liable method for correlating experimental observations on vapor-pres- 
sure data is based on the calculation of a function known as the free 
energy. Denoting this function by AF, the vapor pressure in atmos- 
pheres may be derived from values of AF (calories per g-mole) by means 
of the relation 

AF 

log Patm = — • (1) 


In terms of other units of pressure, equation 1 takes the forms 

AF 

log Pmm = 2.8808 - — > (2a) 

log = 6.8808 - > (26) 

and 

log = 6.0067 (2c) 

In the range of vapor pressures below about 1 mm of mercury it has 
been observed that, for most materials, the vapor pressure can be repre- 

^ The numbers in parentheses in sections 1 and 2 refer to items in the list of 
references following Table 2. 

* Am. Chem. ISoc., 6t, 2737 (1939). See Ch^ter 6, section 3. 
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sented as a function of T by the relation 

logP = ^-|, (3) 

where A and B are constants. 

Comparing this relation with the first three' equations it follows that, 
in the low-pressure range, 

AP = Lo - IT, (4) 

where Lo, the latent heat of evaporation at T = 0, is determined by the 
relation 

Lo = 4.5745, (5) 

and I is an integration constant. Since / is usually expressed in terms 
of the pressure in atmospheres, 

^ = + ( 6 ) 


where x = conversion factor from atmospheres to the particular unit of 
pressure in which it is desired to express P. Thus, in equation 2a, log 
760 * 2.8808. 

The great advantage of equation 3 is that it makes it possible to cal- 
culate very readily values of T corresponding to given values of P by 
means of the relation 


T = 


B 

A - logP* 


( 7 ) 


From the values of P, the rate of evaporation can be derived by means 
of the following equations: 

Let W = rate of evaporation in g • cm~* • sec“^, and M = gram- 
molecular weight. Then, 

log W = 5.6410 + 0.5 log M + log P^b - 0.5 log T (8o) 

= 6.7660 + 0.5 log M + log - 0.6 log T (8b) 

^«C-0.61ogr-|. (9) 

where 

C * A (microbars) + 0.6 log M S.6410 (lOo) 
■= A (microns) + 0.6 log M + 5.7660, (106) 
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Let fi — rate of evaporation in number of molecules or atoms per 
square centimeter per second. Then 

log M = 19.4208 + log P^„ - 0.5 log (MT) (llo) 
= 19.5458 + log - 0.5 log (MT) (115) 

= 23.7798 + log TV - log M. (12) 

For those metals for which rates of evaporation have been determined 
directly and can be represented by a relation of the form 

iogir = 4, (13) 

the values of the vapor pressure, in microns, have been calculated by 
means of equation 86, that is, 

log = 4.2340 + log TV + 0.5 log ^ • (14) 

From a plot of values of log P versus 1/T it was then possible to cal- 
culate values for the constants A, B, and C in equations 3 and 106. 

Since Put = 1.333P^ 

» log P^b = 0.1250 + log P^. (15) 

In the tables in the following section values of P are given in terms of 
microns. 

3. VAPOR-PRESSURE DATA AND RATES OF EVAPORATION FOR 
METALS AND CARBON 

Until recently the most authoritative publication on this topic has been 
that by Kelley (1), which gives calculations of the free energy as a func- 
tion of the temperature for all the metals for which data were available 
in 1935. Subsequently Ditchbum and Gilmour (2) published vapor- 
pressure data, based largely on further observations made between 1935 
and 1941 . In attempting to prepare tables of data for use in the present 
connection the writer based his conclusions largely on Kelley’s calcula- 
tions, modified in respect to certain metals by references mentioned in 
the publication by Ditchbum and Gilmour and in other sources. 

However, unknown to the writer, Leo Brewer and a number of col- 
laborators had prepared a report,® in connection with the war effort, in 
which all the available data had been reviewed with a great deal of care. 

* The writer is indebted to Dr. W. M. Latimer for sending him a copy of the 
report, designated as number 3 in the list after Table 2. 
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This report gives values not only of the thermodynamic functions (total 
energy, entropy, free energy, etc. ) but also of the temperatures in degrees 
Kelvin corresponding to the following range of values of Patm '■ 10“®, 10“®, 
10“^, 10~®, 10“^, and 1 (that is, 0.76 m, 7.6 m, 76 m, 0.76 mm, 7.6 mm, and 
760 mm respectively). For a number of the metals there is excellent 
agreement between these values of T and those given by Kelley; for 
other metals, for which there are absolutely no observations available 
either on rates of evaporation or the boiling points. Brewer has deduced 
probable values, based on various considerations. Since, in such cases, 
even a “guess” is of undoubted value, the writer has made use of these 
deductions in calculating the data given in Tables 1 and 2. 

From the values of T derived by Brewer for the series of values of P 
mentioned above the writer has calculated values of the constants A and 
B in equation 3 which are in most satisfactory agreement with the 
values for the range Patm = 10“® to Patm = 10~®. Values of A (for 
the pressure in microns), B, and the constant C, defined by means of 
equation 106 above, are given in Table 1. The symbols I and s refer to 
the liquid and solid states, respectively. Values without such notation 
refer to both states. 

By means of equation 7, values of t (= T — 273) were obtained for 
the range P,t = 10”^ to = 10^, which are given in Tabje 2. 

The values in the rows designated W were derived by means of 
equation 86. 

The second-last and the last columns give the melting points in de- 
grees Centigrade (tm) and the corresponding values of the vapor pres- 
sure, P^,. ' 

Where two sets of data are given for any one element, the one pre- 
ferred by the writer is mentioned first. Thus, for rubidium and cesium, 
it is the writer’s opinion that the most reliable data are those obtained by 
the positive-ion method (described in references 4 and 5). In Table 1 the 
first set of values of A and B refer to those deduced from the data given 
in these references; the values in parentheses were deduced from the 
data given by Brewer (3). 

Finally,' a list of the references mentioned in the second column of 
Table 2 is given immediately after this table. A much more comprehen- 
sive bibliography has been given in Brewer’s report.* 

After the data given in Tables 1 to 5 had been calculated by the writer, a publica- 
tion appeared by D. R. Stull (Ind. Eng. Chem., 39, 617 (1947) which gives data on 
the vapor pressures of 1200 organic and 300 inorganic compounds (including many 
of the elements). The data give the temperatures in dejpees Centigrade corre- 
sponding to vapor pressures in the range 1 mm to 760 mm mieroury. Also, there 
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The following notes contain comments on the data given in Tables 
1 and 2 for a number of the metals. 

TABLE 1 

Constants in Relations for Evaporation op Metals* 


Metal 

A 

10 -* • B 

c 

Metal 

A 

10 “* • B 

C 

Li 

10.60 (0 

7.480 

6.687 

Si 

12.55 (Z) 

18.55 

9.040 

Na 

10.71 if) 


7.157 

Ti 

11.26 (s) 

18.64 

7.866 

K 

10.36 (1) 


6.922 


11.98 (Z) 

20.11 


Rb 

10.42 (0 

4.132 

7.152 

Zr 

12.38 is) 

25.87 

9.126 


(10.53 (/) 

4.291) 



13 04 (Z) 

27.43 


Cs 

9.86 (Z) 

3.774 

6.688 

Th 

12.52 (Z) 

28.44 

9.469 


(10.02 (Z) 

3.883) 


Ge 

10.94 (Z) 

15.15 

7.636 

Cu 

12.81 (s) 

18.06 

9.478 

Sn 

9.97 (Z) 

13.11 

6.773 


11.72 (Z) 

16.58 


Pb 

10.69 (Z) 

9.60 

7.614 

Ag 

12.28 (s) 

14.85 


V 

13.32 

26.62 

9.940 


11.66 (Z) 

14.09 


Cb 

14.37 (s) 

40.40 

11.120 

Au 

11.65 (Z) 

18.52 

8.563 

Ta 

13.00 (s) 

40.21 

9.895 

Be 

12.99 (s) 

18.22 

9.233 

Sb2 

11.42 

9.913 

8.379 


11.95 (Z) 

16.59 


Bi 

11.14 (Z) 

9.824 

8.066 

Mg 

11.82 (s) 

7.741 

8.279 

Cr 

12.88 (s) 

17.66 

9.504 

Ca 

11.30 (s) 

9.055 

7.868 

Mo 

11.80 (s) 

30.31 

8.557 

Sr 

11.13 (s) 

8.324 

7.867 

W 

12.24 (s) 

40.26 

9.138 

Ba 



7.715 

U 

12.88 (Z) 

25.80 

9.834 

Zn 

11.94 ( 5 ) 

6.744 

8.614 

Mn 

12.25 (s) 

14.10 

8.886 

Cd 

11.78 (s) 

5.798 

8.571 

Fe 

12.63 (s) 

20.00 

9.270 

B 

14.13 ( 5 ) 

21.37 

10.423 


13.41 (Z) 

21.40 


A1 

11.99 (Z) 

15.63 

8.471 

Co 

12.^3 

21.96 

9.081 

Sc. 

11.94 

18.57 

8.533 

Ni 

13.28 (s) 

21.84 

9.930 

Y 

12.43 

21.97 

9.171 


12.55 (Z) 

20.60 


La 

11.88 (Z) 


8.717 

Ru 

13.50 

33.80 

10.270 

Ce 

13.74 (Z) 


*10.584 

Rh 

13.65 

30.40 

10.320 

Ga 


13.36 

7.478 

Pd 

11.46 

19.23 

8.240 

InJ 


12.15 

7.726 

Os 

. 13.59 

37.00 

10.500 

T1 

11.15 (Z) 

8.92 


Ir 

13.06 

34.11 

9.970 

C 

14.06 («) 

38.57 


Pt 

12.633 

27.50 

9.544 

Si 

13.20 (a) 

19.72 

Bii 






* Values of A for the pressure in microns. 


is attached a very cohiprehensive bibliography. Although for many of the elements 
the data given in the following tables agree very well with those given by Stull, there 
are considerable differehces for others. This is especially true of those cases in which 
the decision involved a question of the reliability of the ori^nal data available in the 
literature. 
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TABLE 2. Temperatures for Given Values of and Corresponding Rates of Evaporation — Continued 
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For the following metals there is very good agreement between data 
deduced by Brewer and those deduced by Kelley: Li, Na, K, Rb, Cs, 
Mg, Ca, Ag, Au, Zn, Cd, Tl, and Pb. 

For Cu, In, Fe, and Ni, the data given in the second reference (see the 
second column of Table 2) are those that must be regarded as most re- 
liable, and they have been incorporated with onty slight modifications 
in Brewer’s deductions. 

For aluminum and chromium, Brewer has placed much more reliance 
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20. R. Speiser, Engineering Experiment Station, The Ohio State Univ., 19, No. 5, 
p. 12 (1947). 

on the observations mentioned in reference 12 than would appear justi- 
fiable in the opinion of the writer. Some semi-quantitative determina- 
tions carried out in this laboratory on the rate of evaporation of alu- 
minum appear to be in much better agreement with the deductions in 
reference 1 than with the observations recorded in 12. It is of interest 
to note that J. Fischer^ has questioned the reliability of the experimental 
method used by Baur and Bruner and has given a number of reasons for 
distrusting their conclusions. 

^ HefA). Chim. Acta, 18 , 1028 (1935), 
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For carbon, A. L. Marshall and F. J. Norton* have shown that their 
observations on rates of evaporation are most satisfactorily represented 
by the relation 


log W = 9.08 - 


39,500 


( 1 ) 


which, according to equation 1.5, yields the value Lo = 180,700 cal/ 
mole. 

By correcting Marshall and Norton’s value of Lo for the dissociation 
of diatomic carbon. Brewer (3) deduced values of AF from which the 
writer has derived the vapor-pressure data given in Table 2. 

The second row in Table 3 shows values of W calculated by means of 
equation 1 for the values of C in Table 2. It should be observed, 
however, that for these values of W the vapor pressures cannot be those 
given at the head of the table, since the values of given in Table 2 are 
based on the assumption that all the carbon sublimes in the monatomic 
form. On the basis of equation 1 the values of W given in Table 2, 
which are repeated in the third row of Table 3, correspond to the values of 
f C given in the fourth row of this table. 


TABLE 3 


Rate of Evaporation of Carbon Calculated by Means of Equation 1 


t^C: 

2129 

2288 

2471 

2681 

2926 

3214 

W: 

4.37 • 10“® 

4.47 • 10-’ 

4.79 -10-® 5.01 -10-® 

5.37 • 10"® 

5.75 • KT* 

W: 

4.13 • KT® 

4.00 • 10-' 

3.86 -lO-® 3.72 -10-® 

3.58 • 10-® 

3.42 ■ KT* 

t^C: 

2127 

2279 

2453 

2651 

2881 

3147 


That there exists considerable doubt regarding the value for the heat 
of evaporation of carbon is evident from a review of this topic by H. D. 
Hagstrum.'^ From an interpretation of the band spectrum of carbon 
monoxide he has deduced for the heat of sublimation of carbon the value 
135,700 cal/mole, and for the hefit of sublimation into tetravalent car- 
bon the value 232,100 cal/mole. These values are to be compared with 
the value 170,000 cal/mole for the heat of sublimation deduced by a 
number of previous investigators. 

Antimony evaporates largely in the form of molecules, Sb 2 , and the 
values of W given for this metal in Table 2 are based on this conclusion, 
that is, M = 243.52. 

For barium it is of interest to note that Brewer's conclusions are in 
disagre^ent with those deduced from references 9 and 10. Similarly, 

• / Am. Chem. Soc., W, 431 (1933). 

» Phya. Rev., 72 , 947 (1947). 
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there is considerable discrepancy between the two sets of values of C 
for calcium. 

For beryllium the data calculated in Table 2 are based upon the results 
obtained by Schumann and Garrett (7). However, more recent data, 
published by R. Speiser (20) and based on unpublished results obtained 
by R. B. Holden, lead to the following values of t'’ C for given values of 
P • 

P^: 10“* KT^ 1 10 60.3 

PC; 911 992 1083 1189 1284(<m). 

These were calculated from the values (which differ from those in 
Table 1) A = 13.805, 10~®R = 18.73. (Evidently the values of { de- 
rived from the more recent publication are lower for given values of 
than those given in Table 2.) 

Speiser's paper also contains an excellent review of the different 
methods used for the determination of the vapor pressures of metals, 
and Holden’s results demonstrate that the value of the accommodation 
coefiiciei^t for beryllium is unity. 

With reference to the data for Sc, Y, La, Zr, V, and Co, Brewer’s com- 
ment is as follows: 

No vapor-pressure data are available, and the boiling point was estimated and the 
vapor-pressure data made consistent with known thermodynamic data. However, 
aU the temperatures given may he uniformly in error by several hundred degrees.^ 

For a number of metals the only datum available is an approximate 
determination of the boiling point (Ge, B), or a statement in the litera- 
ture that the metal is “markedly volatile’’ (Ti, Pd). 

In a bulletin published by the National Research Corporation values 
are given for t° C which as observed in their laboratory correspond to 
P^ = 10. Their values (designated NRC) compared with those given 
in Table 2 are as follows: 


Metal: 

Be 

Zr 

Ge 

Sn 

Pd 

Ir 

Table 2: 

1246 

2001 

1251 

1189 

1666 

2556 

NRC: 

1350 

>2000 

1300 

1360 

1550 

>2400 


Values of the temperature corresponding to P,, = 1, and to P„„ = 1, 
for a number of metals, have been published by W. J. Kroll® and A. 
Eucken,^° respectively. Also, as mentioned previously, Ditchbum and 
Gilmour have deduced data similar to those given in Table 2. In view 
of the very great care taken by Brewer to consider all available observa- 

• Italics by the writer. 

• Trans. Am. Eketrochem. Soc., 87, 571 (1945), 

^0 MeMwirtschtrft, li, 27, es (im). 
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tions that might have a bearing on this topic it appears to the writer that 
his conclusions should be regarded as much more trustworthy than 
those deduced by any previous investigators. For this reason no com- 
parison is made between the data given in Table 2 and those published 
by other reviewers. 

Brewer has also calculated values of Tb, the boiling point (in degrees 
Kelvin), and of L, the heat of vaporization (cal/mole) at Tb* It; will be 
observed that these values given in Table 4 are uniformly lower than the 
values of Lo calculated from those of B in Table 1, since Brewer deduced 
his values on the basis of more rigorous arguments. Table 4 also gives 
values of Ti and Tio, the temperatures (in degrees Kelvin) corresponding 
to = 1 and = 10, respectively. From these data, values have 
been derived of Tio/Ts, and L/Tb. The last column in the 

table gives values of Z, the atomic number. The value of L/Tb is 
designated the Trouton constant. As will be observed, the values of 
this constant are low for the alkali metals and considerably higher for 
carbon and the transition elements. For about half the total number 
of metals L/Tb = 25 i 3. It is also evident that the values of TiITb 
and Tio/Tb increase with increase in value of LITb- That this is in 
accord with the Clapeyron relation may be demonstrated as follows: ' 

From the second law of thermodynamics it follows that 


dlnP L 
d(l/T)^ Po* 


( 2 ) 


Assuming that L is a constant, this relation becomes 


log PmB - log L 
l/T - 1/Tb “ 4.574 ’ ^ ^ 

where P^b — 7.60 • 10®, and log Pf,B = 5.881. 

Hence, for Pn = 1, 

L/Tb Tt 

26.71 + L/Tb Tb’ ^ 

and for = 10, 

L/Tb _ 

22.14 + L/Tb Tb * ^ ’ 

For L/Tb - 26, Ti/Tb - 0.483 and Tio/Tb = 0.630. 

Table 5 gives a number of illustrations of the ^plication of the last 
two equations, and, as will be observed, t^e agreement between the 
values thus calculated and those given in Table 4 is good, especially in 
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TABLE 4 


Absolute Temperatures Corresponding to Three Values of the Vapor 
Pressure, also Values of the Latent Heat of Evaporation, and of the 
Trouton Constant 


Element 

Ti 

Tio 

Tb 

Ti/Tb 

Tu/Tb 

^ L 

L/Tb 

Z 

Li 

712 

787 

1640 

0.4342 

0.4799 

32,480 

19.81 

3 

Na 

611 

564 

1187 

.4304 

.4751 

23,120 

19.47 

11 

K 

434 

480 

1052 

.4128 

.4562 

18,880 

17.95 

19 

Rb 

396 

438 

952 

.4160 

.4601 

18,110 

19.02 

37 

Cs 

383 

426 

963 

.3977 

.4424 

16,320 

16.94 

55 

Cu 

1414 

1546 

2868 

.4929 

.539] 

72,810 

25.39 

29 

Ag 

1209 

1320 

2485 

.4863 

.5311 

60,720 

24.42 

47 

Au 

1589 

1738 

3239 

.4907 

.5365 

81,800 

25.25 

79 

Be 

1403 

1519 

2780 

.5047 

.5464 

73,900 

26.59 

4 

Mg 

656 

716 

1399 

.4688 

.5117 

31,470 

22.49 

12 

Ca 

801 

878 

1755 

.4564 

.5003 

36,740 

20.94 

20 

Sr 

748 

822 

1657 

.4514 

.4962 

33,610 

20.28 

38 

Ba 

819 

902 

1911 

.4286 

.4721 

35,665 

18.66 

56 

Zn 

565 

616 

1180 

.4787 

.5220 

27,880 

23.62 

30 

Cd 

493 

537 

1038 

.4750 

.5175 

23,870 

23.00 

48 

Hg 

291 

321 

634 

.4590 

.5063 

13,980 

22.06 

80 

B 

1512 

1628 

2800 

.5400. 

.5813 

75,000 

26.79 

5 

A1 

1162 

1269 

2600 

.4470 

.4881 

67,950 

26.13 

13 

Sc 

1555 

1696 

3000 

.5183 

.5654 

80,000 

26.67 

21 

Y 

1767 

1922 

3500 

.5048 

.5618 

90,000 

25.71 

39 

La 

. 1515 

1654 

3000 

.5050 

.5513 

80,000 

26.67 

57 

Ce 

1463 

1578 

2800 

.5225 

.5635 

73,000 

26.07 

58 

Ga 

1238 

1366 

2700 

.4584 

.5058 

60,000 

22.22 

31 

In 

1113 

1225 

2440 

.4560 

.5020 

53,800 

22.05 

49 

TI 

800 

879 

1730 

.4625 

.5082 

38,810 

22.44 

81 

C 

2744 

2954 

4775 

.5746 

.6186 

180,000 

37.70 

6 

Si 

1496 

1616 

2750 

.5434 

‘ .5876 

71,000 

25.82 

14 

Ti 

1657 

1819 

3400 

.4873 

.5350 

84,000 

24.71 

22 

Zr 

2089 

2274 

3850 

.5426 

.5906 

120,000 

31.17 

40 

Th 

2272 

2469 

4500 

.5049 

.5487 

130,000 

28.89 

90 

Ge 

1385 

1524 

2980 

.4648 

.5113 

68,000 

22.82 

32 

Sn 

1315 

1462 

3000 

.4383 

.4874 

70,000 

23.33 

50 

Pb 

898 

991 

2010 

.4468 

.4930 

42,400 

21.10 

82 

V 

1998 

2161 

3800 

.5259 

.5687 

106,000 

27.89 

23 

Cb 

2812 

— 

5400 

.5207 

— 

155,000 

28.77 

41 

Ta 

3093 

— 

6300 

.4910 

— 

183,000 

29.05 

73 

Sb2 

868 

951 

1890 

.4592 

.5031 

40,000 

21.16 

51 

Bi 

882 

971 

1900 

.4641 

.5110 

42,600 

22.42 

88 

Cr 

1363 

1478 

2495 

.5463 

.5924 

72,970 

29.24 

24 

Mo 

2568 

2806 

5077 

.5058 

.5527 

128,420 

25.29 

42 

W 

3289 

3582 

5950 

.5529 

.6020 

184,580 

30.12 

74 

U 

2003 

2171 

3800 

.5270 

.5714 

110,000 

28.95 

92 

Mn 

1151 

1253 

2370 

.4857 

.5286 

54,380 

22.95 

25 

Fe 

1683 

1720 

3008 

.5264 

.5719 

84,620 

30.94 

26 

Co 

1767 

1922 

3370 

.5243 

.5703 

93,000 

27.60 

27 

Ni 

1644 

1783 

3110 

.5285 

.5732 

90,480 

29.09 

28 
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Element 


Tio 

Tb 

Tx/Tb 

TioITb 

L 

L/Tb 

Z 

Ru 

2503 

2704 

4500 

0.5562 

0.6011 

148,000 

32.90 

44 

Rh 

2244 

2422 

4150 

.6408 

.6837 

127,000 

30.61 

45 

Pd 

1678 

1839 

3440 

.4877 

.5346 

89,000 

25.87 

46 

Os 

2724 

2940 

4900 

.6559 

.6999 

162,000 

33.06 

76 

Ir 

2613 

2829 

4800 

.5444 

.6893 

152,000 

31.66 

77 

Pt 

2177 

2363 

4100 

.5310 

.5761 

122,000 

29.76 

78 


view of the fact that, actually, L decreases with increase in T. How- 
ever, the decrease in the value in the range T ^ TiioT - Tb does not, 
in general, exceed more than a few per cent. 

TABLE 5 


Relation 

Between the Value op L/Tb 

AND Values of T\/Tb and Tio/Tb 

Element 

LITb 

Tx/Tb 

Txo/Tb 

Eq. 4 

Table 4 

Eq. 5 

Table 4 

Cs 

16.94 

0.388 

0.398 

0.434 

0.442 

Li 

19.81 

.426 

.434 

.472 

.480 

Pb 

21.10 

.441 

.447 

.488 

.493 

Sn 

23.33 

.466 

.438 

.513 

.487 

Cu 

25.39 

.487 

.493 

.534 

.539 

V 

27.89 

.511 

.526 

.557 

.569 

W 

30.12 

.530 

.553 

.576 

.602 

Ru 

32.90 

.552 

.556 

.598 

.601 

C 

37.70 

.585 

.575 

.630 

.619 


3. GENERAL REMARKS ON VACUUM DISTILLATION OF METALS 
AND DEPOSITION OF FILMS 

For the distillation of a metal in a vacuum, in order to purify it, 
W. J. Kroll^^ considers 1.8 mm of mercury as suitable for commercial 
operation. The temperature required for this purpose may be obtained 
from Table 2, and it will be observed that for some metals this pressure is 
attained below the melting temperature (or triple point) — that is, the 
solid sublimes — whereas other metals must be in the liquid state, at a 
temperature considerably above that of fusion. 

Under these conditions, as will be discussed in the next section, non- 
volatile metals can be purified of more-volatile constituents. For in- 
stance, tin can be freed from lead, since the temperatures at which the 
pressure is 1 mm is about 992® C for lead and about 1492® C for tin. 

Also, during the process of distillation (or sublimation) dissolved gases 

Loc. cU, 
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are evolved and some compounds such as hydrides, nitrides, or oxides 
may be dissociated. (See discussion of dissociation pressures in the 
following chapter. ) 

The deposition of thin films of metals by evaporation in vacuum has 
received considerable attention from a number of investigators. J. B. 
Strong** recommends, as the best condition for the deposition of a reflect- 
ing surface on glass or quartz, evaporation at a temperature, iio (or 
Tio), corresponding to a vapor pressure of about 10 microns. Values of 
<10 (or Tio) have been given in Tables 2 and 4. 

If the temperature used for evaporation is much in excess of the value 
< 10 , there is danger of excessive sputtering (due, frequently, to too rapid 
evolution of sorbed gases) and the deposit may be both somewhat spongy 
and non-adherent to the surface of the glass, quartz, or other material on 
which condensation occurs. 

In the presence of residual traces of gases having a pressure of a few 
microns or more, the deposit is also diffuse and extremely non-adherent, 
BO that it can be rubbed off very readily. As mentioned in Chapter 10, 
section 2, such a diffuse deposit has many advantages for use as a 
“getter.” 

The rate of evaporation is decreased in presence of a gas at pressures 
exceeding 1 mm; and at higher pressures the rate of evaporation 
decreases to very low values. As is well known, this fact has been 
utilized in the development of the gas-filled tungsten-filament lamp. 

The deposition of metal films by evaporation in a good vacuum has 
been utilized for the formation of exceptionally good reflecting surfaces 
on glass or quartz, and also for many other purposes.** 

Very important contributions towards the development of a satisfac- 
tory technique, especially for the coating of glass with aluminum, have 
been made by Strong*^ and by C. H. Cartwright.*® 

Figure 1 shows a diagrammatic sketch of the arrangement used by 
Cartwright, which is suitable for the formation of deposits of Ag, Be, Cr, 
and Si. The evacuating ss^stem, shown at A, consists of a 1-in. steel 
base large enough to accommodate a 16-in. bell jar, a liquid-air trap, 
and a high-speed mercury-vapor pump. The seal between bell jar and 
plate may be made either by means of a low-melting-point wax or by 
means of a gasket of plastic material. The metal in the form of a bead is 

“ Procedures in Experimental Physics, Prentice-Hall, New York, 1939, p. 169. 

Complete equipment for carrying out this technique is available commercially 
from at least two industrial organizations engaged in the production of vapor pumps 
and low-pressure gauges. 

Rev. Sd. Instruments, 2, 189 (1931). 

Rev. Sci. Instruments, 3, 298 (1932). 
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contained in a helical spiral made of 20-mil tungsten wire. By means of 
a mica shutter it is possible to give the metal a preliminary degassing at 
relatively low temperature without the danger of depositing any im- 
purities on the glass. The vacuiun attained should be 0.1 micron or 
better. 

The electrical circuit is described as follows: 

The filament was heated by a transformer. A potential of about 200 volts was 
maintained between the filament and the metal base, as shown in Fig. IB.. This 
potential activated the hydrogen sometimes used for cleaning the metal to be evapo- 
rated and it was used to make the evaporating metal become luminous. The 
luminosity of the discharge in the metal vapor was a convenient measure of the rate 
of evaporation. With a proper rate of evaporation, the discharge was sufficiently 
bright to be seen in a well-lighted room. This discharge was similar to the discharge 
in a gas while sputtering except that here it was due to the metal vapor and therefore 
appeared only in parts of the bell jar in which the evaporating metal was present. 
The discharge seemed to cause an evaporated metal to adhere more tenaciously to 
glass. 

C in Fig. 1 shows an alternative arrangement in which the liquid-air 
trap is replaced by an appendix containing activated charcoal and a 
tungsten or molybdenum boat is used instead of the spiral shown in A. 

Strong has observed^® that, if small pieces of aluminum wire are sus- 
pended along a tungsten spiral, then the fused aluminum adheres to the 
Jieating spiral in the form of globules.^^ 

The use of a trough-shaped heating element of carbon or tungsten has 
been described by H. W. Edwards,^® and H. B. DeVore^® has modified 
this procedure by coating the tungsten spiral with alumina, in order to 
prevent alloying between the tungsten and the fused metal. A sus- 
pension of the oxide in a nitrocellulose binder is coated on the filament 
and the filament is heated at about 1700® C in hydrogen or in vacuum. 

An interesting method for heating the metals has been described by 
H. M. O’Bryan.^® Platinum, boron, molybdenum, as well as quartz are 
evaporated in vacuum from a graphite crucible which is raised to the 
desired temperature by bombardment with 4000-volt electrons emitted 
from an incandescent tungsten cathode. Figure 2 shows the essential 
details of the arrangement. The crucible (6) placed inside the tungsten 
spiral (a) may be heated to about 3600® C by an electron current of 

48 , 498 (1933). 

The application of this technique to the coating of glhss mirrors is described in 
detail in Pr^cedtar$s in Experimental PhyeicSf Chapter IV, in which are also described 
suitable procedures for the deposition by evaporation of a number of metals. 

Rev. 8ei. Inetrummta, 4 , 449 (1933). 

Rev. 8ci. JnstrumenUf 9 , 202 (1938). 

Rev. Sci. Instrumenief 6 > 126 (1934). 
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Fig. 1. Evaporating apparatus (Cartwright). 



A, Evaporation is carried out by heating bead 
of metal in tungsten spiral. Deposit is formed on 
mirror near top of bell jar. 

B, Electrical circuit for heating tungsten spiral 
and for obtaining glow discharge in the metal 
vapor. 

C, Alternative arrangement in which liquid- 
air trap is replaced by appendix containing 
activated charcoal, and metal to be evaporated 
is placed in tungsten or molybdenum boat. 


Fig. 2. Evaporating apparatus 
(O^Bryan). Metal to be evap- 
orated is placed in graphite 
crucible (6) and bombarded by 
4000-volt electrons using tung- 
sten wire helix {a) as cathode. 
A tantalum shield (c) sur- 
rounds the cathode during 
bombardment. 
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100 ma. Complete details of the arrangement are described in the 
original paper. 

Table 6 gives, as the author states, 

a partial list of substances which have been evaporated and their most obvious proper- 
ties. Some elements which in the past have not been readily available in suitable 
form can now be examined for electrical and optical properties. 


TABLE 6 

Materials Evaporated (O'Bryan) 


Material 

Melting 
Point, ® C 

Surface Appearance and Remarks 

Boron 

2300 

Very bright, reflection superior to platinum. 

Carbon (graphite) 

3500 

Amorphous, crucible partially melted. 

Fused quartz 

1700 

Glossy surface, shows interference colors. 

Molybdenum 

2600 

Fairly bright surface. 

Chromium 

1610 

Characteristically bright. 

Platinum 

1765 

Not as bright as chromium. 

Vanadium 

1710 

Similar to chromium. 

Cobalt 

1480 

Similar to chromium. 

Nickel 

1450 

Not as bright as chromium. 

Zirconium 

1700 

Similar to nickel. 

Manganese 

1260 

Not as bright as nickel. 

Boron carbide 

2350 

Melted, only slight gray deposit. 

Silicon carbide 

2200 

Carbon residue, deposit green by transmission. 


None of the listed materials reacted to a great extent with graphite crucibles. 
Perhaps a thin layer of carbide was formed, lining the crucible, and preventing 
further reaction. 

The problem of selecting a suitable filament material from which 
another metal can be evaporated successfully has been investigated by 
W. C. Caldwell.^^ As he points out, 

In order that a metal evaporate from a filament satisfactorily the metal must 
adhere to the filament, must have sufficient vapor pressure to evaporate while still 
at a temperature below the melting point of the filament material, and must not form 
an alloy with the filament which, has a melting point below the temperature at winch 
evaporation will ensue. 

The conclusions reached, after investigation of nine filament materials 
and twenty-seven metals for evaporation, are suminarized in Table 7. 

It is of interest to note that, for a large number of the metals to be 
evaporated, filaments of the four most refractory metals (W, Ta,Mo, and 
Cb) were found to be suitable. 

Results obtained in a very comprehensive investigation of techniques 

21 Applied Phye., 12, 779 (1941). 
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TABLE 7 

SATISrACTORT FiLAMENT MATERIALS FOR THE EVAPORATION OF VARIOUS MeTALS 

(Listed in Order of Merit According to Caldwell) 


Metal 

Filaments 

Metal 

Filaments 

A1 

W, Ta, Mo, Cb 

Pb 

Fe, Ni, Chromel 

Sb 

Chromel, Ta, W 

Mg 

^ W, Ta, Mo, Cb 

Ba 

W, Ta, Mo, Cb 

Mn 

W, Ta, Mo, Cb 

Be 

Ta, W, Mo 

Ni 

W 

Bi 

Chromel, Ta, W 

Pt 

W 

Cd 

Chromel, Cb, Ta 

Se 

Chromel, Fe, Mo 

Co 

Cb 

Ag 

Ta, Mo, Cb, Fe 

Cu 

Cb, Mo, Ta 

Sr 

W, Ta, Mo, Cb 

Ge 

Ta, Mo 

Te 

W, Ta, Mo, Cb 

Au 

W, Mo 

T1 

Ni, Fe, Cb, Ta 

Fe 

W 

Th 

Mo 

Sn 

Chromel 

Ti 

W, Ta 

V 

W, Mo 

Zn 

W, Ta, Mo, Cb 


for the evaporation of metals have been reported by L. O. Olsen, C. S. 
Smith, and E. C. Crittenden, Jr.^^ 

The evaporation system used consisted, as the authors state, 

of an 18-in. -diameter bell jar, pumping system, and vacuum gauges constructed along 
fairly standard lines. Twelve electrical terminals were brought into the jar and 
served to mount a number of independent filaments, allowing several evaporations 
to be done with one evacuation pf the system. ... A vacuum valve between the bell 
jar and the diffusion pump allowed air to be admitted to the bell jar without admitting 
it to the pumps. ... A Pirani gauge in the fore-pumping line was used to follow the 
operation of the pumping system, and an ion gauge connected to the system through 
the base plate was used to observe the absolute pressure in the system during evapora- 
tion. Evaporations were carried out at pressures below 5 • mm of mercury. 

Three distinct types of heaters for evaporation were used in this study: open 
helical wire coils, close-wound conical wire baskets, and ceramic crucibles formed on 
wire baskets. Four metals, tungsten, iron, nickel, and Chromel, were used as bare 
wire coils and baskets; and the performance of two ceramics, Alundum and beryllium 
oxide, was studied in the form of crucibles. 

' These crucibles were prepared by painting a close-wound coil of tung- 
sten with a water suspension of alumina or beryllium oxide and sintered 
at 1200® C to 1500® C after drying. ^‘As far as these studies are Con- 
wmed,^' the authors state, '^Alundum appears to be by far superior to 
beryllium oxide, the latter being useful in the case of Alundum failure 
or, presumably, at high temperatures.” The Alundum was actually 
used for evaporations up to about 1600® C, and the beryllium oxide for 
somewhat higher temperatures. Table 8, quoted from the original 
publication, presents a summary of the conclusions reached regaling 
the best methods for the evaporation of ^thirty-four elements. 

** J. Applied Phys., 16, 425 (1945). 
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TABLE 8 

Suggested Methods for Evaporation of Various Metals 
(Olsenij Smith and Crittenden) 


Metal 

Method for Small Quantities 

Method for Large Quantities 

Aluminum 

Helical coil of W 

Helical tungsten coil 

Antimony 

Conical baskets of W, Ni, or 
Chromel 

Alundum crucible 

Arsenic 

Alundum crucible 

Alundum crucible 

Barium 

Conical baskets of W, Ni, Fe, 

Conical baskets of W, Ni, Fe, 


or Chromel 

or Chromel 

Beryllium 

Conical basket of W 


Bismuth 

Conical baskets of W, Fe, Ni, 
or Chromel 

Alundum crucible 

Calcium 

Conical basket of W 

Alundum crucible 

Cadmium 

Conical baskets of W, Ni, Fe, 
or Chromel 

Alundum crucible 

Carbon 

Unsuccessful 

Unsuccessful 

Chromium 

Conical basket of W 


Cobalt 

Helical coil of W 

Alundum or BeO crucible 

Columbium 

Helical coil of W 


Copper 

Helical coil of W or conical 
basket of W 

Alundum crucible 

Germanium 

Conical basket of W 

Alundum crucible 

Indium 

Conical baskets of W or Fe 

Alundum crucible 

Iron 

Helical coil of W 

Alundum or BeO crucible 

Lead 

Conical basket of Fe 

Alundum crucible 

M6tgnesium 

Conical baskets of W, Ni, Fe, 
or Chromel 

Alundum crucible 

Manganese 

Conical basket of W 

Conical basket of W or Alun- 
dum crucible 

Molybdenum 

Melting of molybdenum fila^ 
ment 


Nickel 

Helical coil of W 

Alundum or BeO crucible 

Palladium 

HeUcal coil of W 


Phosphorus (red) 

Unsuccessful 

Unsuccessful 

Platinum 

Helical coil of W 


Selenium 

Conical baskets of W, Ni, Fe, 
or Chrome! 

Alundum crucible 

Silicon 

BeO crucible 

BeO crucible 

Silver 

Helical coil or conical basket of 
W 

Conical basket of W 

Alundum crucible 

Strontium 

Large conical basket of W 

Tellurium 

Conical baskets of W, Ni,. Fe, 

Alundum crucible 


or Chromel 


Thorium 

Conical basket of W 

Conical basket of W 

Tin / 

Conical bai^ket of W 

Alundum crucible 

Urahium 

Conical basket of W 


Vanaditun 

Conical basket of W 

Conical basket of W 

Zinc 

Conical baskets of W, Ni, Pe, 

Alundum crucible ' 


Gt Chromel 


Zirconium 

Conical basket of W 
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According to Strong, a good reflecting surface of aluminum is obtained 
with a thickness of about 1000 A, and presumably the thickness re- 
quired for surfaces of other metals is of thfe same order of magnitude. 
From the values for W given in Table 2, it should, therefore, be possible, 
for given area of deposit and temperature of evaporation, to calculate the 
time required to obtain the required thickness of \he metal desired as a 
deposit. 

In evaporating films from filaments of very refractory metals, like 
molybdenum, columbium, tungsten, or tantalum, in a vacuum, it is often 
necessary to keep the temperature constant. This is done by maintain- 
ing a constant value of the product where V denotes the voltage 

drop along the filament, and / the heating current. For the metals 
mentioned, data are available for calculating both the current and the 
volts per centimeter length, for any given value of the diameter, as a 
function of 

For a considerable number of metals, radiation emissivities have been 
determined, by means of which the temperature can be calculated either 
from the value of the watts/cm^ (in vacuum) or from ^‘brightness tem- 
peratures’’ as measured by an optical pyrometer.^^ 


4. VAPOR PRESSURES AND EVAPORATION PHENOMENA OF ALLOYS 


According to the law of Raoult, which applies to dilute solutions, the 
vapor pressure of the solution is lower than that of the pure solvent by 
an amount which is proportional to the concentration of the solute. Let 
Pa and Pas denote the vapor pressures of the pure solvent and solution, 
respectively, at any given temperature, and let xb denote the mol-frac- 
tion of the solute present in the solution. Then, according to the law of 
Raoult, 


Pa ~ Pas 
Pa 


riB 

^ XB ^ ; > 

'^A 4 * ns 


( 1 ) 


where ua and ns denote the number of moles of solvent and solute 
respectively. 

Since 


xa 


nA 

Ua + ns 


( 2 ) 


** See the list of references after Table 2, also the following: L. Malter and D. B. 
Langmuir, Phys. Rev.j 66, 743 (1939), for tantalum, and Temperaturef Its Measure-- 
merU and Control in Science and Industry^ Reinhold Publishing Corporation, New 
York, 1941, article by A. G. Worthing, p. 1164. 

See A. G. Worthing, loc. cit. 
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it follows from equation 1 that the following relation should be valid; 
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dA 


Pas 

Pa 


= ^A, 


(3) 


where ax is designated the activity of A in the solution. 

Applying these relations to a binary alloy in which one constituent A, 
which is present in larger proportion, is by far more volatile than J5, we 
may regard B as solute, and consequently the decrease in vapor pressure 
of A should be in accordance with equation 1. 

Furthermore, it follows, as a consequence of the application of the 
second law of thermodynamics, that corresponding to the decrease in 
vapor pressure of magnitude Pa Pas = APx, there is an increase 
(AT a) in the temperature at which the vapor pressure of the ^^solution^^ 
has a value of magnitude Pa- This increase is given by the relation 


AT A _ RoTa\ 
APa/Pa La 


(4) 


where f2o = molar gas constant ( = 1.9865 cal/mole) and La = heat of 
vaporization of A, in calories per mole. 

From equations 4 and 1 it follows that 


ATa 


La 


= CaTa^xb^ 


(5) 


where Ca is a constant characteristic of the “solvent'^ A, 

These relations should be applicable to both the solid and liquid states 
of the alloys, provided that the value of is small compared with that 
of nx. 

If, furthermore, both A and B in the pure states possess vapor pres- 
sures which are of the same order of magnitude, we would expect to ob- 
serve a decrease in vapor pressure of B due to addition of A as well as a 
decrease in vapor pressure of A due to addition of B. 

Before proceeding with the discussion of particular illustrations of 
the above remarks, it is well to emphasize the fact that in this section the 
composition of an alloy is given in terms of mol-fractions rather than in 
terms of per cent by weight. Let qa denote the per cent by weight of A 
and qb, that of B, in a binary alloy. Then gx + Qb ^ 100 and 

IOOxaMa IOOxaMa , . 

+ (1 - xa)Mb ~ xa(Ma - Mb) + Mb ’ ^ ^ 

wher^ Ma and Mb denote the gram-molar (or gram-atomic) masses. 

Also, given the per cent by weight ci each ccmstituent, the mol- 
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fractions can be deduced by means of the relation 

X. = (7) 

^ qA/MA + (100 - qA)/MB qA + (100 - qA)MA/MB 

An illustration of the application of equation 5 is found in the observa- 
tions made by A. Schneider and U. Esch^® on the rise in the boiling 
point of magnesium obtained by alloying it with different metals. 



»■ 


Fio. 3. Increase in boiling point of magnesium, in degrees Kelvin (AT^), as a func- 
tion of gram-atoms (ns) of alloying metal per 1000 grains imt gnRHinm (Schneider 

and Each). 

The boiling point of pure magnesium at 760 mm pressure is 1380® K, 
and the latent heat of evaporation per gram-atom (M = 24.32) is 
32,670 cal. 

In this case, the composition was expressed in terms of tib, the number 
of gram-atoms of the non-volatile constituent B per 1000 g of magne- 
sium. Hence, 


Xb 


Ub 

ns + 41.12’ 


Ekkirochem., 48, 888 (1939). 
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and, consequently, the rise in boiling point according to equation 5 
should be given by the relation 




1.9865 X (1380)^ 
32,670 


'Xb 


116.2nfl 
ns + 41.12* 


Figure 3 shows a plot of AT a versus hb, calculated by means of this 
relation, and also values actually observed for a number of alloys of 



Temperature in *C 


Fig. 4. Vapor pressure versus temperature plots for zinc-copper alloys for different 
values of ic 3 u, the mol-fraction df copper. Curve CD is the vapor-pressure plot for 
pure zinc. For an alloy the vapor pressure for a given temperature is decreased by 
AP, and the temperature for a given value of the vapor pressure is increased by AT. 

magnesituu with silver, aluminum, tin, lead, and copper in the liquid 
state. It will be observed that, with increase in the value of ns, there is 
an increasing difference between the values of AT a observed and those 
calculated. The discrepancy is such as to indicate a hi^er effective 
value of xb than that cdculated from the value of ub. 

From the observations made by R. Hargreaves^^ on the vapor pres- 
sure of sine in brasses, the curves shown in Fig. 4 have been plotted for a 

** J. Inst. Mctolt, 64, ns (1936). 
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series of alloys in which the mol-fraction of copper in the alloy was 
varied from a;cu — 0.988 to icu = 0.496. The curve designated CD 
is a vapor-pressure plot for pure zinc (based on the vapor-pressure 
values deduced by Kelley^^). For an alloy containing a very small mol- 
fraction of copper, the vapor-pressure plot would be represented by some 
curve such as C'D', and the corresponding valued of AT and AP have 
been indicated. 

As will be observed, the vapor pressure of zinc, at any given tempera- 
ture, decreases with increase in a:cu- Table 9 gives values of the ac- 
tivity of zinc for the series of brasses at 727° C, as defined by the relation 

_ 

“ 90.3’ 

where Pzn is the vapor pressure (in millimeters) as observed for the alloys 
and 90.3 mm is the vapor pressure, at this temperature, of pure zinc. 
The ratio 


.. «Zn 

/Zn = > 

^Zn 


( 8 ) 


is designated the activity coefficient and should be equal to 1 for an ideal 
solution. 


TABLE 9 

Values of gzn, 3^zn» ^zn, and /zn for Brasses at 727® C 


Qzn 

^Zn 

6.3 

0.052 

9.7 

.094 

14.8 

.144 

20.0 

.195 

26.0 

.255 

38.0 

.373 

46.0 

.453 

48.8 

,481 

51.1 

.504 


«Zn 

fzn 

0.0045 

0.0865 

.0086 

.0915 

.0185 

.128 

,0301 

.154 

.0545 

.214 

.134 

.48 


.33 

.200 

.46 

.246 

.61 

.291 

.58 


for 0 phase 
for a phase 


The values of versus xzn have been plotted in curve H, in Fig. 6. 
Curve A shows a similar plot of data deduced from values of Pzn ob- 
served at 700° As will be observed, the values of azn for zinc- 

copper allo3rs containing 0.8 mol-fraction of zinc or higher follow the 

Bur, Mines, BuU, 383, 1935. 

A, Schneider and H. Schmid, Z. Elektrochem,, 48, 627 (1942). 
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relation predicted by equation 3 above. On the other hand, for values of 
xzn less than 0.8, the vapor pressures are lower than those calculated on 
the basis of equation 3, as shown by the observation that azn is less 
than xzn- 



Fig. 6. Plots of the aiotivities (a) of zinc and cadmium versus mol-fraction (x) 
for alloys with copper. Curve A, plot for zinc-copper alloys at 700° C; curve H, 
plot for zinc-copper alloys at 727° C (from data in Table 9), curve C, plot for cad- 
mium-copper alloys in the range 700-850° C. The dashed line represents the values 
deduced on tiie basis of Raoult’s law. (Curves A and C from Schneider and Schmid.) 

Figure shows the constitution of copper-zinc alloys, and, as is 
seen from the diagram, all the alloys containing up to about 69 per cent 
zinc are solid at 727® G. At 697° C, the alloys containing 30 per cent to 
19.5 per cent copper exhibit a transition from the solid to the liquid 

** MeUd$ Handbook^ 1930 Edition, p. 1367. 
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State, and all alloys containing less than 19.5 per cent copper are fused at 
this temperature. Thus, according to curve A in Fig. 5, /zn ” 1 for the 
alloys that are in the fused state at 700® C. 

If log Pza for a given copper-zinc alloy is plotted versus 1/T, a straight 
line is obtained, the slope of which yields a value ^of L, the heat of sub- 
limation. Such a series of plots of the data shown in Fig. 4 leads, as 
shown by Hargreaves, to values of L ranging from 36,600 cal/g-atom for 



the alloy containing 1.2 per cent by weight of zinc to 31,600 cal/g-atom 
for the alloy containing 51.1 per cent zinc. The value for liquid zinc is 
28,600 cal/g-atom. 

One important conclusion from these observations, which is valid for 
most alloys, is that in order to maintain the vapor pressure of zinc in a 
brass at, for instance, 1 mm, the temperature of evaporation must be in- 
creased contipuously as the zinc content decreases. At 960° C, the vapor 
pressure of pure copper is about 10“* mm (see Table 2), and, in ti^e 
presence of even a small content of zinc, the vapor pressure of copper 
must be considerably smaller. Hence the elimination of the zinc be- 
comes progressively more and more difficult with decreasing content in 
the alloy. 

Curve C in Fig. 6 shows a plot of oca for cadmium-^per alloys®® in 
the' range 700-860® C. At these temperatures all the alloys are in Hie 

*** Schneider and Schmid, loc. cU. 
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fused state, and as will be observed fed is greater than 1 for all alloys 
containing more than 0.2 mol-fraction of cadmium. That is, the vapor 
pressure of cadmium for these alloys is greater than that corresponding 
to equation 3. 

The brasses are typical of binary alloys in which one constituent is 
practically non-volatile as compared with the other. An interesting 
illustration of a binary alloy in which this is not the case is furnished by 
the zinc-cadmium system, which has been studied by E. Burmeister and 
K. Jellinek.®* 

Table 10 gives the vapor pressures of zinc and cadmium at 682“ C for 
the pure metals and three alloys. At this temperature the metals and 
alloys are above their melting points. 

TABLE 10 

Vapor Pressures (in Milumeters) for Zinc-Cadmium Allots at 682° C 
(Burmeister and Jblunek) 


^Cd 

^Cd 

acd 


P Zn 

Ozn 

^Zn + Pcd 

1 

262 

1 

0 

0 

0 

252 

0.749 

205 

0.815 

0.251 

20.5 

0.472 

225.6 

0.459 

153 

0.633 

0,641 

30.7 

0.706 

183.7 

0.238 

112 

0.444 

0.762 

37 

0.850 

149 

0 



1 

44 

1 

44 


The values of the vapor pressures of the individual constituents and 
the total pressures are plotted in Fig. 7; Fig. 8 shows plots of the ac- 
tivities. 

Similar plots of vapor pressures of fused tin-zinc alloys and tin-cad- 
mium alloys®* (at 7(X)“ C and 540° C, respectively) are shown in Fig. 9. 
In both these cases the values of fzn and fed are greater than 1 for all the 
compositions. 

Figure 10®® shows plots of the activities of silver and magnesium in 
fused alloys and, for comparison, phase diagrams for these alloys. Sim- 
ilar plots are shown in Fig. 11®* for the volatile constituents in fused 
allo 3 rs of lead-cadmium, lead-zinc, and bismuth-tin. The system lead- 
zinc is of special interest because of the limited solubility of zinc in lead. 

The vapor pressures of aluminum-zinc alloys over the range of temper- 
atures 6(X)° C to 11(X)“ C have been investigated by A. Schneider and 
E. K. Stoll.®* Figure 12 shows plots of log vereus 1/T for the three 

*> Z. phyrik. Chem,, A, 165, 121 (1933). 

** Bumeister and Jdlinak, ioc. a(. 

** O. Kubaadtewski, Z. BUHdrochem., 48» M9, 046 (1242). * 

** Z. EMctrochem., 47, 527 (1941). 
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MoH fraction Zn 

1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0 



Fig. 7. Vapor pressures of zinc and cadmium and total vapor pressure for zinc- 
cadmium alloys at 682® C, plotted versus mol-fraction of each constituent (Bur- 

meister and Jellinek). 


Mol-fraction Zn 



1^0. 8. Plots of activity versus mol-fraction for zinc and cadmium in zinc-cadmium 
alloys, corresponding to vapor-pressure plots in Fig. 7. 
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Mol “fraction Sn 

1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0 



Fig. 9. Vapor pressure of zinc in tin-zinc allojrs at 700® C, and vapor pressure of 
cadmium in tin-cadmium alloys at 540® C, plotted versus mol-fraction of zinc and 
cadmium respectively (Burmeister and Jellinek). 



Au 20 40 60 80 Ag Pb 20 40 60 80 Mg 
Atom - per cent Ag Atom - per cent Mg 


Fig. 10. Plots of the activity (a) versus atom-per cent for silver in fused silver-gold 
alloys at 1085^ C, and for magnesium in fused lead-magneshim alloys at 560® C. 
Corresponding phase diagrams are shown below (from Kubaschewski). 
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alloys having the compositions: 

2.12 atomic per cent Zn * 5.03 per cent by weight, 

15.02 atomic per cent Zn «= 30.0 per cent by weight, 

49,04 atomic per cent Zn = 70.0 per cent by weight. 

According to the constitution diagram shown, in Fig. 13,^® the alloy 
containing 5.03 per cent by weight zinc melts at about 608® C and 
equilibrium exists between the y phase and the liquid to about 647® C. 



Pb 20 40 60 80 Cd Pb 20 40 60 80 Zn Bi 20 40 60 80 Sn 
Atom - per cent Cd Atom - per cent Zn Atom - per cent Sn 


Fia. 11. Plots of the activity versus atom-per cent of cadmium in cadmium-lead 
alloys at 544® C, of zinc in zinc-lead alloys at 754° C, and of tin in bismuth-tin alloys 
at 330° C, with corresponding phase diagrams (from Kubaschewski). 

Above this temperature the alloy is completely liquid. The plot in 
Fig. 12 shows that in this range of temperatures the vapor pressures are 
abnormally higher. A similar phenomenon is observed for the alloy 
containing 30 per cent by weight zinc in the range 513® C to 615® C, 
which is the range of existence of 7 + liquid. For the alloy containing 
70 per cent by weight zinc the y + liquid range is from about 443® C to 
slightly above 500® C, and the log Pmm versus \/T plot shows a devia- 
tion from the linear plot over this range of temperatures. The log 
Pmm versus \/T plot for pure zinc shown in Fig. 12 is that for the liquid 
phase, since the melting point is 419.4® C. 

Plots of azn versus xzn for the aluminum-zinc system for 650® C and 
800® C are shown in Fig. 14. As will be observed, the activities are 
higher than those predicted by Raoult's law. 

Metals Handbook f 1939 Edition, p. 1738. 
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Data on the vapor pressures of mercury over amalgams with a number 
of metals (for the range 300° C to 324° C) are given in Intemationoil 
Critical Tahles.^^ As shown by F. E. Poindexter®^ and A. L. Hughes 

Temperature in *C 



Fio. 12. Plots of Pmm (sino) versus 1/T on semi'log scale for three zinc-aluminum 
alloys and for pure zinc (Schneider and Stoll). 

and Poindexter,®® “a sodium or potassium trap is almost, if not quite 
as effective as liquid .air for stopping merciuy vapor.” Poindexter®® 
has concluded, from plots of log P versus 1/T for a sodium amalgam 
containing a 60 per cent mol-fraction of sodium, that at 20° C the vapor 

•• ItOemational CriHoal Tables, Vol. 3, p. 284 (1928). 

" J. Optical 8oc. Am., 9, 629 (1924). 

^JPhU. Mae,, 90, 423 (1925); see Chapter 4, seeticm 9. 

**PhtW- £«v>, 28, 208 (1926). 
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Fig. 14. Plots of activity of zinc (azn) versus mol-fraction 
(xzn) in zinc-aluminum ^oys. 


Temperature in 
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pressure is 3 • 10~® mm mercury. However, in the case of the amalgams 
with other metals than those of the alkali group, the deviations from 
Raoult^s law are not at all as great. The plots of ang versus XHg are 
very similar to those shown for alloys of zinc-cadmium and some of the 
other metals.^^ 

Frequently, in degassing parts made of high-melting-point alloys it is 
of considerable interest to be able to predict the relative volatilities of 
different constituents in a given alloy. From the preceding discussion it 
follows that at any given temperature the vapor pressure of each con- 
stituent in the alloy must be much lower than that for the pure metal. 
As a rough approximation the validity of Raoult^s law may be assumed, 
that is, equation 3. 

For instance, let us assume that we have an iron-manganese-carbon 
alloy containing 13 per cent by weight manganese and 0.20 per cent 
carbon.^^ Since the atomic weights of iron and manganese are 55.85 
and 54.93, respectively, the mol-fraction of manganese is approximately 
0.13. Hence, we may make the following assumptions: 

1. Vapor pressure of Mn in alloy =0.13 X (Vapor pressure of pure Mn). 

2. Vapor pressure of Fe in alloy = 0.87 X (Vapor pressure of pure Fe). 

From Table 2 it is seen that, at 1000° C, the vapor pressure of iron is 
about 10~^ micron, while that of manganese is about 10 microns. There- 
fore, in the alloy, the vapor pressures of manganese and iron will be ap- 
proximately 1 micron and 9 • 10"“‘* micron, respectively, and hence the 
manganese will evaporate about 1000 times more rapidly than the iron. 
The effect of the carbon may be neglected under these conditions. 

As another illustration, let us consider an iron-nickel alloy containing 
25 atomic per cent nickel. At 1200° C, the vapor pressures of iron and 
nickel are about 0.1 and 0.03 micron, respectively. Assuming the 
validity of Raoult^s law, the vapor pressures of iron and nickel in the 
alloy would be about 0.075 and 0.008 micron, respectively. Conse- 
quently, we would conclude that the iron would evaporate about ten 
times as fast as the nickel. 

In view of the fact that, as far as the writer is aware, there are no 
experimental data available on the rates of evaporation of alloys of the 
more refractory metals, the application of Raoult^s law represents 
probably the only method by which any semiqtiantitative conclusion 
can be deduced in such cases. 

See also the following references: Na-Hg (375*^ C), K. Hauffe, Z, Elektrochem,, 
46 , 348 (1940); K-Hg (300® C), Cd-Hg (284® C), J. S. Redder and S. Barratt, 
/. Chem, Soc,, 1938 , 537; K-Hg (184® 0-446° C), R. W. Millar, J. Am. Chsm. Soc., 
49 , 3003 (1927). 

Constitution diagram given in Metals Handbook^ 1939 Edition, p. 411. 
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Finally, mention may be made of the fact that, from observations on 
the relative rates of evaporation of different constituents of an alloy, 
it is possible to draw conclusions regarding relative vapor pressures. F or 
example, the data in Table 2 show that copper has a much higher vapor 
pressure at any given temperature than gold. However, data have been 
published which indicate that the volatilities Should be in the reverse 
order. Observations made in this laboratory on the evaporation of a 
gold-copper alloy containing equal proportions (by weight) of the two 
metals have shown that the copper evaporates almost completely before 
the gold even begins to evaporate and the temperature has to be increased 
in order to complete the evaporation. Hence, it must be concluded that 
the relative volatilities are in the order shown in the table. 

Another illustration is furnished by the vapor pressure of chromium. 
The data shown for this metal in Table 2 are based on observations 
which the writer considers not very reliable. An investigation of the 
relative volatilities of the two metals in ferrochrome alloys would show 
whether the relative vapor pressures are in the order shown in Table 2 or 
in the reverse order. Similar observations on aluminum-silver alloys 
would be of help in deciding between the two sets of vapor-pressure data 
shown for aluminum. 

6. VAPOR PRESSURES OF OXIDES AND OTHER 
INORGANIC COMPOUNDS 

As in the case of metals, vapor pressures . of a number of inorganic com- 
pounds of interest in vacuum technique can be calculated from free 
energy data given by Kelley'*^ by means of equation 1.2a or 1.2b. 

Table 11 gives data on some of these compounds, as obtained from the 
following sources: 

1. K. K. Kelley, Bureau of Mines Bulletin 383, Washington. 

2. B. H. Zimm and J. E. Mayer, J. Chem. Phys., 12, 362 (1944). 

3. W. Kangro and H. W. Wieking, Z. physik. Chem., A, 183, 199 (1938-1939). 

4. H. L. Johnston and A. L. Marshall, /. Am. Chem. Soc., 62, 1382 (1940). 

5. J. P. Blewett, H. A. Liebhafsky, and E. F. Hennelly, J. Chem. Phys., 7, 480 
(1939). 

As in Table 2, the ssunbols I and s designate the liquid and solid states, 
respectively. 

From their observations on the vapor pressures of four solid halides, 
in the range T = 945° Kto T = 6(X)“ K, Zimm and Mayer deduced the 

** Loc. cil. 
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following relations for vapor pressures. 

KCl: log Pmm = 17.006 - 11,879/r - 2 log T. 

KBr: log P„„ = 17.141 - 11,643/r- 2 log T. 

KI: log = 17.277- 11,263/7’- 2 log T. 

NaCl; log P„m = 17.093- 12,288/7’- 2 log T. 

From these relations two-term expressions were derived of the form 

log Pmm ~ ~ y * (1 ) 

from which, in turn, values of <®C were calculated for values of the 
pressure ranging from = 10“* to = 100, which are given in Table 
11 in the rows designated by reference 2. 

Kangro and Wieking found that their determination of the vapor pres- 
sures of the fused halides could be expressed in the form of equation 1 
with the values of A (for the pressure in millimeters) and B given in 
Table 11. These were used to derive values of the pressure at the 
melting point. As will be observed these values are higher than those 
calculated from Kelley’s values of AF. The table also gives the values 
of Pmm observed at 860® C, 950® C, and 990® C. 

Johnston and Marshall deduced the following relation for the vapor 
pressure of NiO: 

25 586 

logP;, = 16.079 - 7.67 X 10-*T + 7.21 X 

which was used to calculate the values of P^ given in the table. 

In a booklet published by the National Research Corporation*® are 
given vapor-pressure data obtained in their laboratory. These are 
listed at the bottom of Table 11. It is also stated in this publication 
that, for quartz, the temperature corresponding to a vapor pressure of 
10 microns exceeds 2000® C. As will be observed, this conclusion is in 
considerable disagreement with vapor-pressure data given in Kelley’s 
publication for fused silica. 

Binary mixtures of compounds which are mutually soluble exhibit a 
decrease in the vapor pressure of each compound which is similar to that 
exhibited by binary alloys and which was discussed in the previous sec- 
tion. As an illustration of this phenomenon Table 12 gives vapor- 
pressure data for fused mixtures of KCl and NaCl as observed by 
Kangro and Wieking.** 

** Cambridge, Maes., 1945. 

** hoc, oit. 
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TABLE 11 

Vapor Pressures of Oxides, Haudes, etc.* 



CaO (1) 
SrO (1) 
BaO (5) 
P 4 O 10 (1) 

AgCl (1) 
NaCl (?) 
KCl (2) 

2572 1 

2430 

1923 

358 

(Sublimes) 

455 

801 

776 

1583 
‘ 1420 

1150 

42 

479 (1) 
479 

457 

1717 

1258 

1263 

63 

636 

532 i 
508 1 

1873 

1631 

1395 

87 ^ 

607 

692 

567 

2055 

1757 

1552 

116 

690 

662 

635 

2271 

1901 

1742 

149 

790 

745 

716 


A 

2 


Pmv 

% at 


.aI 


M.P. 

860° C 

950° C 

990° C 

LiCl (3) 

7.172 

7187 

0.12 

6.7 

10.9 

30.2 

NaCl (3) 

7.906 

8475 

1.03 

2.8 

9.2 

16.2 

KCl (3) 

7.245 

7460 

1.38 

5.0 

14.0 

22.4 

RbCl (3) 

7.326 

7809 

0.28 

2.7 

8.6 

14.0 

CsCl (3) 

8.302 

8400 

0.18 

7.7 

25.6 

46.0 


NiO (4) Pj,: 

10r-« 

10“® 

i(r* 

10~8 

lOr-* 

10-1 


943 

1007 

1069 

1158 

1248 

1349 



Data from NRC bulletin 




Compound: 

Sb2S8 

CaF 2 

NaaAlFe 

Cr208 

MgFs 

ZnS 

M.p., C 

550 

1330 

1000 

1900 

1395 

1645 

PCforP;, * 10 

550 

1400 

1000 

1900 

1400 

1200 


See also reference to Stull’s publication in footnote 4, section 2. 
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TABLE 12 

Vapor Pressures of Fused Mixtures op KCl (A) and NaCl (B) 

Mol-Fraction in Per Cent 


t^C 

Pmm(A ) 

PmmiB) 

A 

B 

860 

5.0 

— 

100 

0 


3.7 

0.7 

74.5 

25.5 


2.2 

1.0 

49.3 

50.7 


1.1 

1.9 

25.6 

74.4 


— 

2.8 

0 

100 

950 

14.0 

— 

100 

0 


8.9 

1.9 

74.4 

25.6 


6.2 

3.5 

49.6 

50.4 


3.1 

6.5 

i5.8 

74.2 


— 

9.2 

0 

100 

990 

22.4 

— 

100 

0 


13.0 

4.9 

75.9 

24.1 


9.2 

7.3 

49.5 

50.5 


6.7 

9.8 

24.3 

75.7 



16.2 

0 

100 


6. VAPOR PRESSURES AT LOW TEMPERATURES 

In high-vacuum technique refrigerants are used to condense out a 
number of gases and vapors. Table 13 contains vapor-pressure data for 
ice and mercury. In each case two sets of values are given, one taken 
from International Critical TahleSj^^ and the other derived from the ex- 
pressions for calculated by K. K. Kelley.'*® According to the latter, 
the vapor pressure of ice is given by the relation 

log Pmm = 1.207 + 3.857 log T + 3.41 • 10~^T 
+ 4.876 • 10“®?’* - ^ • 

The relations derived for the vapor pressure of mercury from Kelley’s 
calculated expressions for AF are as follows: 

3285 

Liquid Gas: log = 10.377 - 0.8254 log T - — • 

Solid -» Gas: logPw», 

0070 

= 9.453 - 0.2011 log T - 6.658 • lOT^T - ^ - 

IrUernaHoMd Critical Tables, Vol. 3, pp. 206 and 210. These data are also 
given in the Handbook <4 Chemistry and Physics, Chemical Rubber Publishing Com- 
pany (1945)» Cleveland, Ohio (designated RH), and in the Handbook of Chemistry 
by N. A. Lange, Handbook Publisherpi, Inp., 1941, Sandusky, Ohio (designated LH). 
, ^^Loc.cii, 
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TABLE 13 

Vapor Pressure op Ice and Mbrcurt at Low Temperatures 


rc 

T 

Pm (KK) 

(ICT) 

rc 

T 

Pm (KK) 

(ICT) 


Ice (H 2 O) 


0 

273.2 


4679 

-80 

193.2 

4.13 

• 10“i 

-10 

263.2 

1960 

1960 

-90 

183.2 

7.45 

10“* 

-20 

263.2 

779 

776 

-100 

173.2 

1.10 

10-* 

-30 

243.2 

293.1 

285.9 

-no 

163.2 

1.25 

10-* 

-40 

233.2 

99.4 

96.6 

-120 

153.2 

1.13 

10~^ 

-60 

223.2 

29.86 

29.6 

-130 

143.2 

6.98 

• KT* 

-60 

213.2 

8.40 

8.08 

-140 

133.2 

2.93 

• vr’’ 

-70 

203.2 

1.98 

1.94 

-150 

123.2 

7.4* 

10-1* 

-78.6 

194.7 

0.63 


-183 

90.2 

1.4- 

10-1» 


Mercury (Hg) 


30 

303.2 

3.13 

2.78 

-38.9 

234.3 

2.61 • 10-’ 

25 

298.2 

2.05 

1.84 

-45 

228.2 

1.06 • 10-» 

20 

293.2 

1.38 

1.20 

-50 

223.2 

4.94 • 10-^ 

10 

283.2 

6.62 • 10-1 

4.90 • 10-1 

-60 

213.2 

9.89 • 10-0 

0 

273.2 

2.22 • 10-1 

1.86 • 10-1 

-70 

203.2 

1.68 • 10-‘ 

-10 

263.2 

7.87 • KT * 

6.06 • 10-* 

-78.6 

194.6 

3.13- 10r« 

-20 

253.2 

2.64 • 10-* 

1.81 • 10-* 

-80 

193.2 

2.38 • 10-« 

-30 

243.2 

7.86 • 10-* 

4.78 • 10-* 

-100 

173.2 

2.39 • 10^* 

-38.9 

234.3 

2.61 • 10-» 

1.24 • 10-* 

-183 

90.2 

CO 

00 


Table 14(a) gives vapor-pressure data for solid carbon dioxide ac- 
cording to C. H. Meyers and M. S. van Dusen.^^ The sublimation 
temperature of the solid at atmospheric pressure is —78.5® C. 

The relation derived from Kelley’s expression for AF is 

log Pfn„ = 8.882 -I- 0.8702 log T - 3.891 • lO-^T - 

This has been used to calculate values of P for solid carbon dioxide in 
the range below — 160° C, and Table 14(5) gives a comparison between 
these values (KK) and those given by Meyers and van Dusen (MVD). 

Table 15(a) gives vapor pressures for the more common ^‘non-con- 
densible^' gases.**® Triple points are shown by asterisks. 

/. Research NaJtL Bur. Standards^ 10, 381 (1933). 

Values for helium and neon taken from RH; values for hydrogen, nitrogen, 
carbon monoxide, argon, oxygen, and methane from LH. The data for kaypton and 
xenon are taken from the* paper by K, Peters and K. Weil, Z. physik. Chem,^ A, 148 , 
27 (1930). See also F. J. Allen and R. B. Moore, Am. Chem. Soc.^ 88, 2622 (1931), 
for the boiling points of these gases. Temperature-vapor pressure data for OSa, SOa, 
NHa, COa, HCl, CaH 4 , CH 4 , Oa, and Na are also given in FM. 
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Tripk pomt, ^^,602 -i: 6.005° C; 3885.2 ± 0.4 mm. 
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TABLE 14(6) 

Vapor Pressures of Solid Carbon Dioxide at Very Low Temperatures 



T 

Pm (KK) 

(MVD) 

t 

T 

Pm (KK) 

P^ (MVD) 

-150 

123.1 

61.94 

60.6 

-183 

90. L 

4.2 • 10-» 

4.0 • 10-* 

-160 

113.1 

7.30 

5.9 

-187 

86.1 

7.9 • 10-1 

7.0 • 10-1 

-170 

103.1 

3.82- 10-1 

3.8 • 10-1 

-189 

84.1 


3.0 • 10-1 

-176 

98.1 


7.4 • lOr^ 

-193 

80.1 

5.85 • 10-*^ 


-180 

93.1 


1.3 • 10-2 

-196 

77.1 

1.05 • 10"® 



Kelley has given the following vapor-pressure relations for the solid 
state: 

411.1 

Argon: log Pmm = 7.620 

555 2 

Krypton: log = 7.478 ^ • 

^ o 842 

Xenon: logP^^^ = 8.00 

A chart showing plots of the vapor pressure versus temperature for a 
number of different gases in the range 100° C to —200° C has been 
published by E. Berl.'*^ 

Table 15(6) gives the temperature in degrees Centigrade for a series of 
values of the pressure in microns, as derived from Kelley’s calculated 
values of AP. The values of t for 7600, .760, and 76 microns were taken 
from his tables; those for lower pressures were extrapolated from a plot 
of log P^ versus l/T for the above values of P^. For argon, krypton, 
and xenon the two-term relations given above for the solid state were 
used. The last column in the table gives the boiling points according 
to Kelley for comparison with those given in the previous table. 

Charts showing plots of vapor pressure versus the temperature in 
degrees Centigrade for a large number of gases and vapors of inorganic 
and organic compounds have been published by E. Berl.^^ Since these 
plots cover the range from — 190° C to 2(X)° C and from pressures above 
atmospheric to very low values, they should prove of value for informa- 
tion on the vapor pressures of those elements and compounds not dis- 
cussed in the above review. 

Chem, & Met, Eng,t 61, Oct., 132 (1944). See also Chem, & Met. Eng., 68, 130 
(Jan., 1946), for table of boiling points of a number of elements and inorganic com- 
pounds. 

Chem. & Met. Eng., 61, 132-133 (October, 1944). 
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*Astai8ks denote triple points. 
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TABLE 15(6) 


Tempbratubb in Dborbes Cbntiokade por Pressure in Microns (Kelley) 


Gas 

0.076 

0.76 

7.6 

76 

760 

7600 

B.P., ® C 

Ne 




-259.3 

-257.4 

-254.9 

-245.95 

Nj 

-242.1 

-239.2 

-236.0 

-231.9 

-226'. 8 

-220.0 

-195.78 

CO 

-238.6 

-236.5 

-232.0 

-227.8 

-222.7 

-216.1 

-191.5 

A 

-238.1 

-234.8 

-230.9 

-226.0 

-220.1 

-212.1 

-185.8 

Oj 

-237.3 

-234.1 

-230.3 

-225.6 

-219.7 

-211.4 

-183.0 

CH4 

-229.1 

-225.1 

-220.1 

-214.1 

-206.5 

-196.7 

-161.4 

Kr 

-225.2 

-220.7 

-216.2 

-208.4 

-200.1 

-188.9 

-152.1 

Xe 

-203.6 

-197.4 

-189.9 

-180.8 

-169.6 

-155.0 

-108.0 


Also R. V. Smith has published a vapor-pressure chart for volatile 
hydrocarbons®* which shows values down to 10“^ mm plotted in accord- 
ance with the relation 

B 

logPmm = A - 

7. BOILING POINT OF LIQUID AIR 

Ordinary air consists of a mixture of 78.02 per cent nitrogen, 20.99 per 
cent oxygen, 0.94 per cent argon, and traces of hydrogen, carbon dioxide, 
and the other rare gases. ®^ Hence the molecular percentage of oxygen 
is 23.5. 

Since the boiling point of nitrogen is — 195.78® C and that of oxygen 
— 182.95® C, the “boiling point” of liquid air lies between these two 
values, depending on the composition. The earliest investigation on this 
topic was carried out by E. C. C. Baly.®® More recently, B. F. Dodge 
and A. K. Dunbar®* have repeated the measurements and extended the 
range to higher and lower pressures. 

Table 16 gives the equilibrium compositions, as obtained in this in- 
vestigation, for the range of temperatures from that of pure nitrogen to 
pure oxygen. Figure 15 shows a plot of these data. 

At any given temperature the compositions of the vapor and liquid 
phases are given by the two points, such as A and B, on the line parallel 
to the axis of abcissas. For freshly produced liquid air, the composition 

Bur. Minea Information Circular 7215, August, 1942. 

Composition given in Intematiotuxl Critical Tables, Vol. 1, p. 393. The density 
at 0“ C and 1 atm is 1.2930 g ■ liter~®. 

“ PhU. Mag., 49 , 617 (1900). 

J. Am. Cham. Soc., 49 , 691 (1927). 
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Fig. 15. Compositions of vapor and liquid phases for oxygen-nitrogen mixtures at 
1 atm, showing corresponding boiling points (Dodge and Dunbar). For air the 
composition of the gas corresponds to A, and that of the liquid phase in equilibrium 

corresponds to B. 


TABLE 16 

Compositions of Vapor and Liquid Phases for Nitrogen-Oxygen Mixtures 

AT 1 Atmosphere 


T 

r- 273.13 

Mol-Fraction 
Oxygen in Liquid 

Mol-Fraction 
Oxygen in Vapor 

77.35 

-195.78 

0 

0 

77,86 

-195.27 

8.10 

2.30 

78.78 

-194.35 

21.60 

6.60 

79.72 

-193,41 

33.35 

11,05 

80.65 

-192.48 

43.38 

15.65 

81.60 

-191.63 

62.17 

21.05 

82.48 

-190,66 

59.53 

26.26 

83.38 

-189.75 

66.20 

32.05 

84.28 

-188.85 

72.27 

38.40 

85.22 

-187.91 

77.80 

45.80 

86.18 

-186.95 

82.95 

54.00 

87.16 

-185.98 

87.60 

63.40 

88.14 

-184.99 

91.98 

73.90 

89.18 

-183.95 

96.15: 

86.03 

90.16 

*-ia?.97 

100.00 

100.00 
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of the liquid in equilibrium with air is 56 moles oxygen per 100 moles of 
the binary mixture; and the boiling point is (82 — 273.13^^=) 
— 191.1® C. However, as the liquid continues to evaporate it loses 
nitrogen much more rapidly than oxygen; the boiling point rises along 
the lower curve and ultimately attains the value —483® C, corresponding 
to the boiling point of pure oxygen. It is, therefore, strictly speaking, 

not correct to speak of the “temperature 
of liquid air,^’ since this has no well- 
defined value.®® 

Furthermore, where liquid air is rec- 
tified,®^ as occurs in many industries, 
for the purpose of producing only nitrogen 
or oxygen alone, the liquid phase may be 
either of these, in a more or less purified 
state. 

If the temperature of the liquid air sur- 
rounding a trap is below about — 191® C 
and the exhaust system is opened to the 
atmosphere, air will condense in the trap 
and interfere with subsequent exhaust 
operation. It is therefore always a safe rule 
to remove the refrigerant and 'permit the trap 
to reach room temperature before air is let 
into the system. In fact it may be of con- 
siderable advantage to warm the trap 
moderately before letting in air, in order 
to remove any traces of water, mercury, 
carbon dioxide, etc., that may be* con- 
densed or adsorbed on the walls. 

According to A. Klemenc,®® fresh liquid air is colorless and turns blue 
on evaporation of the nitrogen. 

By reducing the pressure over the liquid air, the temperature may be 
reduced to — 220®C. Figure 16, taken from the book by Klemenc, 
shows a simple arrangement for this purpose. The vapor pressures of 



Fig. 16. Arrangement for low- 
ering the temperature of liquid 
air (Klemenc). 


This is the value of the absolute temperature for 0® C, used by Dodge and 
Dunbar. 

®*For instance, the value is given as — 187°C in FM. LH gives the value 
— 190® C; RH gives the value — 192® C. 

The subject of rectification of mixtures of O 2 -N 2 , O 2 -A, CO-N 2 , A-Ni, N 2 -H 2 , 
CO-H 2 , and hydrocarbons is discussed at length by M. Ruhemann, The Separatum 
of GaeeSf Clarendon Press, Oxford, 1940. 

Die Behandlung und ReindareUUung von Oosen, Leipzig, 1938. 
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pure oxygen and nitrogen at temperatures below their boiling points at 
1 atm are given in Tables 15a and 156. 

8. VAPOR PRESSURES OF OILS, GREASES, AND WAXES 

Oils. Data on the vapor pressures of oils used in vapor pumps have 
been given in Chapter 5. 

The oils customarily used in rotary mechanical pumps, such as those 
described in Chapter 3, have vapor pressures of the order of 0.1 micron 
or less at room temperature. 

Values obtained by H. Huthsteiner in this laboratory on a com- 
mercial transformer oil are given in Table 17. The Knudsen effusion 
method was used, and the .vapor pressure was calculated from the loss in 
weight of the oil by assuming an average molecular weight of 142. 

TABLE 17 

Appboximate Vapor Pressures of Commercial Oil 

(а) Oil preheated to eliminate dissolved air and water: 

rC: 100 * 74 57 34 

P^: 614 70-56 ,6 1 (extrapolated) 

(б) Distilled out about of the oil: 

PC: 73 66 56 49 

P^: 25 8.5 2.6 1 (extrapolated) 

(c) Distilled out about % of the oil : 

PC: 84 77 60 

P^: 2.8 1.0 0.1 (extrapolated) 

The solubilities (a) of some of the more common gases in transformer 
oil, according to A. G. Loomis, are shown in Table 18. By definition, 

~ / 273.1 \ / g • cm""^ in liquid 

V + 273.1/ ^ \ g • cm”^ in gas 

TABLE 18 

Solubilities op Gases in Transformer Oil* 

^ Values of 10* at 


Gas 

t « 25 

t = 60 

t «80 

Hs 

61 


69 

Ns 

84.8 


91.6 

0, 

156.2 


148.5 

COs 

990 

770 

670 


* A mineral oil of Pennsylvania base, 96 per cent saturated hydrocarbons and 
distilling between 300® C and 400® C. At 25® C, density is 0.840, and at 80® C, 0.800. 

IfUernatumal Critical Tables^ Vol. 3, pp. 261-270 (1928). 
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Assuming that the pressure is 1 atm, the quantity (q) of gas in solution 
is 7.6 • 10^a< micron • liters per cm® of liquid. Thus, for = 60 • lO""®, 
g = 38 micron • liters per cm^. Also, all such blended oils always con- 
tain traces of more-volatile hydrocarbons. Consequently, any oil to be 
used in a vacuum pump must be ^‘conditioned’^ for a certain period be- 
fore attaining minimum vapor pressure. 

Waxes and Greases. H. Mayer®® has published results obtained 
with Ramsay grease. The material was treated for hours and days in 
vacuum, at a temperature above the melting point, in order to remove 
adsorbed gases and volatile products. The final values obtained for the 
vapor pressures were as follows: 

t^C: 38.8 34.0 29.0 25.0 21.4 16.6 12.6 

0.32 0.15 0.073 0.05 0.035 0.015 O.Oll 

G. Seydel®^ using the method for measuring vapor pressures devised 
by K. Neumann and E. Volker®^ obtained the following results for 
Apiezon fats. The freshly unpacked materials have an apparent vapor 
pressure of 10"”® mm. In a vacuum, at room temperature, the pressure 
decreases in a few hours to about 5 • 10“"^ mm. On heating to about 
90° C, the more volatile compounds are removed rapidly and the pressure 
decreases to below 10“^ mm. At 130.5° C and 166.25° C, the vapor 
pressures observed for one sample were 0,5 • 10”^ mm and 1.06 • 10“® 
mm, respectively. Extrapolation to room temperature yields a value 
between 10~^® and 10“^^ mm. 

Farkas and Melville®® give the following data for compounds prepared 
by Technical Products, Ltd., England: . 

Grease L: 1 micron at 300® C; extrapolated value for 20® C, lO""® micron. This 
has the same consistency as Vaseline and is used for sealing ground joints and lubri- 
cating taps. 

Grease M : 1 micron at 200® C and 10~^ micron at 20® C. This is stated to be 
‘‘similar to L, but less expensive.^’ 

Grease N : vapor pressure not given, but low enough for thermionic experiments. 

“Sealing wax W is a black pitchlike material which softens at 80-90® C.- At 180® C 
its vapor pressure is about 1 micron, which would imply a vapor pressure less than 
10""® micron at room temperature. It is useful for sealing windows to vacuum 
apparatus, and for making joints between silica and glass tubing.’* 

J. Yarwood®* gives the following data for Apiesson compounds supplied 
by Technical Products, Ltd. : 

•»Z. Pht/sik, 6T, 264 (1931). 

Z. tech. Physik, 16, 107 (1935). 

*^Z. phyrik. Chem., A, 161, 33 (1932). This method is desoribed in Chapter 6, 
section 3. 

•»FM, p. 67. 

»«JY, p. 105. 
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Apiezon L is a grease supplied in metal tube containers. In use, a thin film of the 
grease is worked between well-fitting cone or fiange joints till no “air lines" remain. 
Vapor pressure = 5 • 10“ ® mm Hg at 20"^ C. Apiezon M and N are similar, rather 
more viscous greases, more suitable if room temperature is above 20° C. If Apiezon 
M grease is baked in vacuum at 90° C for 2 hours its vapor pressure can be reduced 
to 10”® mm Hg. These greases must be kept free from contact with air when not 
in use: they give more trouble due to occluded air than to high vapor pressure. Suit- 
able for use in glass and metal stopcocks. A stopcock will give continual use up to 3 
months if properly greased. 

Apiezon Q compound is a plasticine-like substance consisting of graphite mixed 
with the low-vapor-pressure residues of paraffin oil distillation products. It is a 
semi-solid compound which can be readily pressed with the fingers round a joint in 
glass or metal to render it vacuum-tight. 

Vapor pressure at 20° C * 10”^ mm Hg. Becomes too liquid for use at tempera- 
tures above 30° C. 

Apiezon W wax has a very low vapor pressure ( < 10”® mm Hg at 20° C). It is a 
hard substance, supplied in sticks, very useful for semi-demountable joints in glass or 
metal where fusing or welding is impossible because of high temperatures necessary. 
It is applied to the joint at 100° C. It is best to heat the surface as well as the wax 
if a fairly permanent, gas-tight joint is required not liable to develop cracks. Soften- 
ing point = 60-70° C. Soluble in xylene. 

Khotinsky cement is a mixture of shellac and pitch obtained from Caroline tar. 
Softens at 50° C. Comparatively insoluble in usual organic liquids and common 
acids. Useful for joints at temperatures below 40° C. 

Picein^ a hard black wax of vapor pressure = 10”® mm Hg at 20° C and 3-10 mm 
at 50° C. Softens at 50° C. Chemically inert to usual organic liquids and inorganic 
acids. Used similarly to “W" wax. 

According to W. Espe and M. Knoll,®® the vapor pressure of Picein at 
20° C is about 0.3 to 0.4 micron. They also give the following values for 
the vapor pressure in microns of Apiezon M and L at different tempera- 
tures: 

Apiezon M (degassed 2 hours at 90° C): 

10”® to 10“® at 20° C, 6 • 10”® at 90° C, and « 1 at 150° C. 
Apiezon L (degassed several hours at 90° C) : 

Approximately 10”^ at 20° C, 10”^ at 90° C, and 2 • 10”® at 150° C. 

Actually, these materials usually contain so much adsorbed gas and 
volatile vapor that an accurate determination of vapor pressure is diffi- 
cult. This remark is illustrated by the data obtained by R. M. Zabel.®® 
In carrying out the measurements, the cement was placed in a cylindrical 
tube (inside surface 284 cm^) and exhausted through a glass tube hav- 
ing a conductance of 42 cm® • seC”^ for air. An ionization gauge reading 
at 23° C was taken 2J4 hours after starting the exhaust. In terms of the 

Werkstoffkunde der Hochw^kuumtechnikf Julius Springer, Berlin, 1936, p. 224. 

Rev. Sci. Instruments, 4 , 233 (1933). 
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gauge calibration for nitrogen, the values of the pressure observed were as 
follows: 


Picein, m.p. 106® C 

Microns 

0.3 

m.p. 80® C 

0.34 

Beeswax and rosin (1:1) 

0.47 

Glycol-phthalic anhydride resin 

0.72 

de Khotinsky (hard) 

1.28 

Glyptal lacquer 

(Baked 4 hours at 200® C) 

0.17 

Stopcock grease 

0.60 


The only question about these results is whether the vapor pressures 
observed would not have been much lower if the exhaust had been con- 
tinued for a longer time before the reading was taken. Also, because of 
lack of information regarding the interpretation of the observed values 
of the ratio of positive ion to electron current, the actual pressures may 
have been much greater than those given above. 

The Distillation Products, Inc., give for the vapor pressure of their 
product ^'Celvacene-Light^^ (melting point 90° C) the value 10“^ to 10"^ 
micron (at room temperature) as a lower limit after prolonged exhaust. 
For Celvacene-Heavy (melting point about 130° C) the vapor pressure is 
stated to be ^^even lower than that of the Celvacene-Light/’ 



CHAPTER 12 


DISSOCIATION PRESSURES OF OXIDES, HYDRIDES, 
AND NITRIDES AND RATES OF OXIDATION 

1. FREE Ain> TOTAL ENERGY 

In Chapter 9 mention was made of the fact that many metals react 
with hydrogen, nitrogen, and oxygen, forming compounds. Since, in 
general, these compounds are exothermic, they tend to dissociate with 
increase in temperature. Some of the oxides volatilize at temperatures 
so low that dissociation occurs only in the vapor phase; water is one of 
the most important illustrations of this type of oxide. However, for an 
oxide, nitride, or hydride which exists as a solid over a considerable range 
of temperatures there exists at any given temperature a dissociation 
pressure which represents an equilibrium between the compound, the 
gas, and the metal. 

We are especially interested in the conditions for the reduction of 
oxides by hydrogen (or carbon monoxide). Obviously this involves the 
consideration of the two reactions: (a) dissociation of oxide, yielding 
oxygen and metal; and (b) reaction of oxygen with hydrogen, yielding 
water vapor. 

Since such problems can be dealt with most adequately from the point 
of view of certain thermodynamical concepts, it is necessary before con- 
sidering the reactions themselves to discuss briefly these fundamental 
ideas by the application of which it has been found possible to obtain 
solutions of the problems. 

In any chemical (or physical reaction) heat is absorbed or liberated. 
Let ah denote the change in energy involved, in terms of calories. For 
exothermic reactions, AH is negative; for endothermic reactions, posi- 
tive. For a long time the belief existed that, given a choice of different 
possible reactions, that reaction will occur for which AH has a maximum 
negative value; that is, it was assumed that the amount of heat liberated 
is a measure of the probability of occurrence of a given reaction. The 
quantity AH is known as the toted energy change and corresponds to the 
quantity measured calorimetricaliy. This is given in tables of heats of 
formation, heats of evaporation, and so forth. However, from con- 
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siderations based on the second law of thermodynamics, it has been 
shown that the direction and extent of a reaction are governed by the 
sign and magnitude of the change in /rec energy y designated by AF, The 
conclusion deduced may be stated as follows: A reaction can occur at 
constant temperature and pressure only if the value of AF is negative. 
That is, the free energy must decrease} The values of AH and AF are 
ordinarily given in calories per mole. 

From the second law of thermodynamics it follows that, at any given 
temperature and constant pressure, 



dAF AF - AH 
dT ~ T ' 

(la) 

that is, 

AF ^ AH+ • 

dT 

(16) 

Dividing both sides of this equation by T^, we 

obtain the relation 


AF 1 dAF AH 

T2 t dT ' T^’ 


that is, 

d /AF\ AH 

dr \ r / r* 

(2) 

or 

d(AF/T) 

Ml/T) - 

(3) 


Equations la and lb constitute the Gibbs-Helmholtz relation. It 
states the relation between the change in free energy, the change in total 
energy, and the temperature coefficient of the free energy. Since, 
according to the third law of thermodynamics, dAF/dT = 0 at 7 = 6, it 
follows that AjPo = AHo, where the subscript indicates that these values 
apply to T ^ 0. 

At any higher temperature, the condition may occur that AF is 
negative, in spite of a positive value of AH, because of the fact ljjat tKe 

^ These concepts are discussed comprehensively in diff^eht treatises on thermo^ 
dynamics, such as the following: . 

1. G. N. Lewis and M. Randall, TAermodynamics, McGraw-Hill Book Company; 
New York, 1923. 

2. L. E. Steiner, Introduction to Chemical Thermodynamics, McGraw-Hill Book 
Company, New York, 1934. 

3. R. R. Wenner, Thermochemical Calculations, MoOraW**Hill Book Company^ 
New York, 1941. 
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second term on the right-hand side of equation lb is negative and greater 
numerically than AH.^ 

Equations 2 and 3 express the ChuMus-Clapeyron relation, which may 
be stated as follows: Given a plot of AF/T versus l/T, then AH cor- 
responds to the slope of the curve for any value of T. 

In general, the value of AH will change with temperature because of 
the difference in heat capacities of products and reactants and also 
because of the variation in these quantities with temperature. We can 
express AH in the form, 

AH = A/fo + aT + + cT® + • • • , (4) 

where a, 6, c, etc., are constants, characteristic of the reaction under 
consideration, which may be derived from specific-heat measurements. 

In consequence of equations 2 and 3, it follows that we can express the 
change in free energy in the form 

AE = AHo - aT In T - 6T2 - 5 IT, (5) 

4U 


where I is an integration constant,^ and In denotes the natural 
logarithm. 

Thus, from a knowledge of the constants AHq, a, b, c, etc., and 7, it is 
possible to calculate AF for a given reaction. Theoretically, at least, it 
is possible in this manner to deduce the value of AF for any desired 
temperature from a single determination of AF at some other tempera- 
ture and from calorimetrically measured values of the constants in 
equation 4. 

We shall now illustrate the application of the above relations to cer- 
tain typical physical and chemical reactions. 

Evaporation of Solids or Liquids. For the evaporation of a solid or 
liquid, the vapor pressure is uniquely determined by the temperature, 
and, as shown in any treatise on thermodynamics, 

AF = —RoT In Patm (6) 


Assuming that AH = AHo, a constant, it follows from equation 5 that 


—RoTlaPatm ® ATfo - IT, 

that is, 

log Pntm “ — » 

^ 2.30Eo 2.mRoT 


(7) 


* This actually occurs in the case of some batteries. 

* This method of formulation for aF is a consequence of the application of the 
third law of thermodynamics. 



790 


DiaSOCIATION PRESSURES, OXIDATION RATES [Chap. 12 


where Lo — AHq = latent heat of evaporation in calories per gram 
atom (or gram mole) &t T = 0, Ro = 1.9865 cal/gram atom, and 2.30 • 
Rq = 4.574. Evidently the last equation can be written in the more 
general form 

l0gPatm=‘ A ' (8) 


which has been used in the previous chapter. 

Dissociation of an Oxide. I^et us consider a “non-volatile^^ oxide in 
equilibrium, at a given temperature, with oxygen at a pressure desig- 
nated by Patm (O 2 ) and the metal, which is assumed to be nonvolatile at 
the temperature under consideration. The reaction is customarily 
written in the form 


mM + n02 M,n02n. (9) 

In general heat will be evolved (AH will be negative) in the reaction 
between the metal and oxygen. 

For the determination of Patm (O 2 ), we have the relation 

AFn = YiRqT In Patm (O 2 ), (10) 


where AFn is the change in free energy per mole Mw» 02 n. 
Hence 


log Patm (O 2 ) - ^ 


and the equilibrium pressure, in millimeters of mercury, is given by 

1 AF 

log Pmm (O 2 ) = 2.881 + ~ J — • (11) 

n 4.574P 

For instance, for the reaction 

M + O. 5 O 2 MO + AF, 

where M represents a divalent metal, and AF is the free energy increase 
per gram mole MO, 

2AF 

log P<.<m (O 2 ) = ^ . 

Dissociation of Water Vapor. Let AFfp denote the free energy in- 
crease, per gram mole H 2 O, for the reaction 

, H2 + O. 5 O 2 H2O. 


Then, 


AFw = — SqT In 


( 12 ) 

(13) 
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Kw 


Pgtm (H2O) 

P atm (H2) \/Pa«n. (O2)' 


(14) 


Reduction of an Oxide by Hydrogen. Let us now consider the 
reaction 

2nH2 + Mwi02n 2WH2O + wM, (16) 

AFiy, the free energy change per gram mole M,»02n, is given by the 
relation 


where 


AFjy == -’2nRQT\nKHf 


(16) 


P(H 20 ) _ (H2O) 
P(H2) (H2) ‘ 


(17) 


Since is evidently independent of the units used for the measure- 
ment of pressure, it has been frequently expressed in the following dis- 
cussion by the notation (H20)/(H2) as shown in the last equation. It 
will also be observed that 

AF // + AFn = 2nAF Wf 


corresponding to the fact that the net result of reactions 9 and 15 is the 
reaction 

^02 "b 27CS.2 — ^ 27iH20. 


That is, values of AF for a series of reactions are additive, like values 
of AH, Thus, from known values of AF^^ and of AFjy it is possible to 
calculate AFn, and similarly it is possible to calculate AFh from de- 
terminations of AFw and AFn. 

Dissociation of an Oxide of a Volatile Metal. As an illustration, let 
us consider the reaction 


Ba (g) + O.5O2 — ► BaO (5), 


(18) 


where s and g denote the solid and gaseous phases, respectively. This 
reaction is of importance in coiinection with the activation process in 
oxide-coated cathodes. 

Let AFo denote the change in free energy, per gram mole BaO, of the 
reaction 

Ba (s) + O.6O2 BaO (5), (19) 


and let AF^ denote the free energy, per gram atom Ba, of the reaction 


Ba {g) > Ba (s). 


( 20 ) 
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Then AFi = AFo + = free energy, per gram mole BaO, of the 

reaction indicated in equation 18. 

If the reaction is carried out in a volume maintained at temperature T, 

AFi = RoTlnKi, (21) 

where ' 

Ki Palm (Ba) VPatn. (O 2 ). (22) 

Hence 

AFi = 4.574r (log (Ba) + 0.5 log (O 2 ) - 4.3212). (23) 

Since Pmm (O2) = Q-^Pmm (Ba), it follows from the last equation that 

AF\ 

log 

P mm 

Let Pmm (Ba) denote the vapor pressure of solid (or liquid) barium at 
T, Then, since 

af 

log P mm (Ba). 2.881 (25) 
we can also express equation 24 in the form 

0 AFn 

log (Ba) = 1.061 + f log P„J (Ba) + • (26) 

Since AFq is a large negative magnitude, the last equation shows that 
the vapor pressure of barium in equilibrium with solid BaO must be 
considerably less than the vapor pressure of solid (or liquid) barium 
metal at the same temperature, T. 


2. FREE AND TOTAL ENERGY OF FORMATION OF WATER VAPOR 


Thus, it is of importance, in connection with the calculations on the 
dissociation of metallic oxides and their reduction by hydrogen, to de- 
termine the relation for AFw as a function of the temperature. 

Values of AF for reaction 12 have been deduced by a number of in- 
vestigators. The first (and oldest) is that given by Lewis and Randall,^ 

which has the form 


T 


67,410 

T 


2.165 log T 

+ 1.65 • 10-®7' - 3.7 • 10~'r* + 3.92. 


( 1 ) 


* Op. cit., p. 486. 
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The relation deduced by J. Chipman® is 
AjPht 57 120 

^ = - + 6.333 log r - 7.5 . lO-^T - 6.65, (2) 

while the relations for MIw and AFjf deduced by M. de K. Thompson* 
are as follows: 

AHwr = -56,565 - 1.60277’ + 0.3647 • lO"®?’® - 45.59 Vt, (3) 

AFjr = - 56,565 + 3.692 7’ log T _ 

- 0.3647 • 10~®7’* - 91.175 VF + 2.7247’. (4) 

TABLE 1 

Values op Free and Total Enbrop fob Dissociation of Steam 


T 

— AH w 

AHw -h 56,565 

— AFpr 

AFw + 56,565 

0 

56,565 

0 

56,565 

0 

298 

57,798 

-1233 

54,638 

1,927 

600 

58,513 

-1948 

51,143 

5,422 

800 

58,903 

-2338 

48,625 

7,940 

1000 

59,245 

-2680 

46,010 

10,555 

1200 

59,543 

-2978 

43,341 

13,224 

1400 

59,860 

-3295 

40,618 

15,947 

1600 

60,019 

-3454 

37,869 

18,696 

1800 

60,203 

-3638 

35,080 

21,485 

2000 

60,351 

-3786 

82,294 

24,271 


Table 1 gives values of MIw and AFjf for the formation of water vapor 
according to equaltions 3 and 4. From AFj^, K w, as defined by equation 
1.14, may be (»il<3ulated by means of the relation 

, AFjt 

Figure 1 shows plots of X = + 56,565 and of F = AFH^d- 56,565 

versus T. .In accordance with the third law of thermodynamics, 

AFo * Affo * — 56,565 

Table 2 gives for comparison values of AFw/T calculated by means of 
equations 1 and 2 and from the values in Table 1. The sixth column 
gives values of — AFw/ 7' at higher temperatures as deduced by A. R. 

/nd. Fnff. CAem., M, 1013 (1932). 

• Th» Total and Free Energiee of Formation the Oxides of Thirty-Two Metals, 
The Electroehanieal Society, New York, 1942. TliiB source has been used for a 
number of the calculations given in this chapter. ^ 
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Fig. 1. Plots of free energy and total energy versus temperature, for reaction 
Hj (<;) + O.50t (g) — » HjO (g). Ordinates give values of 10“*P == 10 “’aFiv + 56.565 
and 10'®X = 10~^ + 56.565. 

Gordon.^ The seventh column gives values of log Kw derived from the 
values of —AFj^lT calculated by means of equation 4. 

» J. Chem. Phy»., 1, 308 (1933). 
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As will be observed there is very good agreement between the values 
of — AFjf/r derived from the relations deduced by different investiga- 
tors. The agreement is especially good between the values deduced 
from equation 3 and those deduced by Gordon. 

A plot of —AF w/T versus l/T (values given in Table 2) shows that 
for the range T = 600 to T = 2000 all the data can be represented very 
satisfactorily by the two-terra relation 


that is, 


T 


13.98 


59,990 


. 13,110 

—log Kffr = 3.057 — — > 


( 6 ) 

(7) 


TABLE 2 

Values of AFw/T, log Kw and of lOOa at 760 mm and 0.76 mm 


T 

loVr 

— AFpr/T" 

log Kw 

100« 

Eq. 1 

Eq. 2 

Eq.4 

Gordon 

Pmm 760 

Pmm “ 0.76 


3.356 



183.3 


40.07 




1,667 



85.24 


18.63 

4.79 • 10-“ 

4.79 • 10-*® 


1.250 

60.47 

60.13 

60.78 


13.29 

1.74 • 10"^ 

1.74- 10-* 



45.72 

45.52 

46.01 


10.06 

2.47 • io-‘ 

2.47 • 10-< 



35,80 

36.00 

36.12 


7.896 

6.86 • 10“^ 

6.86 • 10“* 


0.7143 

28.70 

28,50 

29.01 

29.05 

6.342 

7.43 • 10-» 

7.43 • i(r* 



23.33 

22.11 

23.67 

23.67 

5.175 

4.47 • 10-* 

4.47 • i(r‘ 

1800 

0.5556 

19,14 

19.12 

19.49 

19.48 

4.261 

1.82 • KT* 

1.82 • 10-1 


0.5000 

15.80 

15.88 

16.15 

16.12 

3.530 

5.59 • i(r‘ 

(5.59) 


which is similar in form to the two-term expression for log P as a func- 
tion of 1/r. (See Fig. 2 for plot of — AP^/T versus l/T.) 

The degree of dissociation (a) at given values of the temperature and 
total pressure is derived as follows: 

From 1 mole H 2 O vapor, at pressure Patm', there are produced at 
equilibrium (1 — a) moles H 2 O, a moles H 2 , and 0.5 mole O 2 . Hence, 
total number of moles at equilibrium is (1 -h 0.5a), and it follows from 
equation 14 that 


Kw 


(l-a).(2 4-a^^ 

a}- -W Patm 


( 8 ) 
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that is, 


For a 0.01, 


(1 - a)\2 + a) 
Kw^Patm 


2 1520 

K^^Patn,~ 


(9) 


( 10 ) 


From these relations it follows that, at constant temperature, a varies 
inversely as P^. 

The last two columns in Table 2 give values of 100a, the per cent dis- 
sociation at Pmm = 760 mm and Pmm = 0.76 mm, respectively, cal- 
culated by means of the relations 


log a = 0.1003 - I log Kw (for P„„ = 760), 

and 

log a = 1.1003 - f log Kw (for P„„. = 0.76). 


The value of a for T = 2000 and Pmm = 0.76 is only approximate, 
since equation 10 is no longer valid for such large values of a. 

In the presence of hydrogen or oxygen, the degree of dissociation of the 
water vapor is depressed, as may be deduced from the following con- 
siderations. 

Let p = number of moles added O 2 per mole H 2 O, and let ai denote 
the degree of dissociation obtained as a result of the presence of addi- 
tional oxygen. Then, 


(1 — ai) / 2 + ai + 2P 

Vp^y «i + 2/j 


For ai 0.01, and /3 large compared to aj, this equation leads to the 
relation 



( 12 ) 


Comparing this with equation 9 it follows that, for the same value 
of P, • 



(13) 


which shows that ai must always be considerably less than oo, where 
OQ denotes the degree dissociation of in the absence of excess of either 
oxygen or hydrogen. 
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3. DISSOCIATION PRESSURES OF OXIDES OF SILVER, MERCURY, 

AND PALLADIUM 

K. S. Pitzer and W. V. Smith* have reviewed the different observa- 
tions which have been made on the dissociation pressure of silver oxide, 
Ag 20 , in accordance with the equation 

2Ag + 0.502 -►AgaO. 

According to A. F. Benton and L. C. Drake® the dissociatimi pressure 
is 1 atm at T = 463. The earlier obs«vations of G. N. I^wis*® gave 
the value Patm = 20.5 for T = 575. From these two values we obtain the 
relation for the dissociation pressure 

3118 

log Pmm = 9-614 — * 

This is to be compared with the relation 

2925 

log P„« = 9.200 (15) 

deduced by M. de K. Thompson,” and with the relation 

OQKQ 

logP,„™ = 9.166-^ (Ic) 

deduced by F. G. Keyes and H. Kara” from their observations at higher 
temperatures and at pressures ranging from 74 to more than 200 at- 
mospheres. 

Table 3 shows pressures deduced for lower values of T by means of 
equation la. 

The dissociation of mercuric oxide in accordance with the equation 
Hg (ff) + 0.502 HgO 

has been measured over the range 360® C to 500® C by a number of 
investigators, including G. B. Taylor and G. A. Hulett.*® 

In the absence of liquid mercury, the pressure of mercury, P»mx, is 

« J. Am. Chm. Soe., 59 , 2633 (1937). 

» J. Am. Chm. Soc., 64 , 2186 (1932). 

J. Am. Chem. Soc., 28 , 139 (1906). 
cif. 

J. Am. Chem. Soe., 44 , 479 (1922). 

“ J. PAtft. Chm, 17, 865 (1913); also see InittnaHonat Critical TtMet, Vol. 7, 
p.269. ' 
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twice Pmm2i pressure of oxygen. Consequently, 

P P mmt 
mml ““ 


where Pmmt — total pressure. Also, in accordance with the mass law, for 
any given temperature, 

K = (2o) 


and 


= (26) 
mml 

From the plot of log Pmmt versus l/T, we obtain the relation 

4Q60 

logP^^, = 9.745 -— • (3) 

TABLE 3 


Dissociation Pressures of Oxides of Silver, Mercury, and Paliadium 


AgtO-. 

2Ag +0.602 

HgO 

-Hg(ff)+0.5O2 

PdO-H. 

Pd + 0.50 

T 

Pmm (O 2 ) 

T 

Pmmt 

Pmm {O 2 ) 

T 

Pmm (O 2 ) 

324.3 

1 

633.1 

90.2 

0.168 

1042 

100 

361.9 

10 

600 

30.1 

2.16 • 10-*“ 

946 

10 

409.5 

100 

575 

13.2 

5.80 • 10-5 

866 

1 

446.1 

422 

550 

5.3 

1.05 • 10-5 

799 

0.1 

463 

760 

525 

2.0 

' 9.45 • 10-5 

742 

0.01 

675 

15,238 

500 

0.67 

2.86 • 10-5 

691 

0.001 


This was used to calculate the values of Pmmt for temperatures below 
360° C, which are given in the fourth column in Table 3. 

From these values of Pmmt values of K were derived, and from these, 
in turn, values of Pmmy given in the fifth column, for the condition in 
which liquid mercury is present. In that. case, the value of Pmmi in 
equation 2b is determined by the vapor pressure of mercury at the given 
value of T, The values of Pmmi were taken from the standard tables, 
and, as will be observed, the oxygen pressure is decreased considerably; 
that is, the degree of dissociation of HgO is decreased in the presence of 
liquid mercury. 

The dissociation pressures of palladium monoxide, PdO, have been 
measured by L. Wohler.^^ His data are in satisfactory agreement with 

Z. EleHfochem., 12 , 781 (1906). 
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the relation 

11 . 86 ( 4 ) 

Table 3 shows the values of T, as calculated by means of this equation, 
for a range of pressures. 


4. DISSOCIATION AND REDUCTION OF OXIDES OF COPPER 


The reactions involved, with the corresponding designations^^ for the 
free energies, are as follows: 

2Cu + O.5O2 CU2O + AFi. 

CU2O O.5O2 — > 2CuO -f- AF 2. 

Cu + O.5O2 CuO + AF3. 

H2 “f” CuO — > H2O -f- Cu “h AFi/3. 

H2 + 2 CuO — > H2O + CU2O + AF H 2* 

H2 4“ CU2O — > H2O 2Cu 4" AF^i* 

Evidently, 


AF 3 = 0.5(AF 1 4" AF 2 ). (1) 

AFh 3 = AFtr - AF 3 = AFw - 0.5(AFi 4- AF 2 ). (2) 

AF h 2 = AFw AF 2* ( 3 ) 

AF/fi = AFw AFi. (4) 

Furthermore, if we let Pmm (O2) designate the pressure of oxygen at 
equilibrium at temperature T, then 

log (O 2 ) = 2.881 + ' (6) 


where AF = AFi, AF2 or AF3. Also 


logoff = log 


F(H20) 

F(H2) 


AF g ^ 
4.5747’' 


log 


(H2O) 

(H2) 


( 6 ) 


where AF^ corresponds to AF^i, I^Fh 2 , or AF^a. 
Similar notation is used in the following tables. 
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The melting point of CU 2 O is 1235° C at 0.6 mm, and the eutectic 
melts at 1065° C.** 

From the equations given above it is seen that values of AF 3 and AFg 
can be calculated from values of AFi, AF 2 , and AFw- Values of AFw 
and of AFw /T axe given in Tables 1 and 2, respectively. 

Values of AFj for the range 300° K to 1357° K have been determined 
by application of equations 4 and 6 , that is, from measurements of the 
ratio Kh va. the reduction of CU 2 O to Cu (solid) by hydrogen.*^ From 
these data M. de K. Thompson*® has deduced the relation 


AFi 

~t' 


+ 2.695 log T - 1.545 • lO'^T + + 6.967. 

1 VT 


( 7 ) 


From a plot of AFi/T versus l/T, it is observed that the values can be 
represented very satisfactorily by the two-term relation 


AFi 

T 


14.50 


39,110 

T 


( 8 ) 


For the range 273° K to 1353° K (the eutectic point), Thompson has 
deduced the relation 


^ = - + 5.367 log T - 3.91 ■ IQ-^T + — 11 . 11 , (9) 

T 1 y/T 

which can also be represented by the relation, similar to 8 , 


AF2 

T 


= 23.18 - 


31,900 

T 


( 10 ) 


TABLE 4 


Values of Free Energy for Oxidation op Cu and CU2O 


T 

lOVT’ 

-AFi/T 

-AF^/T 

-AF^/T 

— AF w/T 

298 

3.3557 

118.46 

87.92 

103.19 

183.3 

600 

1,6667 

50.82 

30.51 

40.67 

85.24 

700 

1.4286 

41.38 

22.56 

31.97 

71.27 

800 

1.2500 

34.32 

16.67 

25.49 

60.78 

900 

1.1111 

28.77 

12.16 

20.46 

52.49 

1000 

1.0000 

24.50 

8.60 

16.55 

46.01 

1100 

0.9091 

20.96 

5.76 

13.36 

40.62 

1200 

0.8333 

18,05 

3.428 

10.74 

36.12 

1300 

0.7692 

15.59 

1.516 

8.60 

32.31 


A phase diagram for the system Cu -f CU 2 O is shown by F. N. Rhines and 
C. H. Mathewson, Metals Technol.^ 1, Technol. Publication 534, 1934. 

C. G. Maier, J, Am, Chem, Soc.y 51, 194 (1929), also M. Randall, R. F. Nielsen, 
and G. H. West, /. Ind. Eng. Chem.y 23, 388 (1931). 

Op. cU. 
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Table 4 gives values of AF^/T and AF^IT calculated by means of 
equations 7 and 9, respectively. From these values those of AF^IT 
have been calculated in accordance with equation 1. The last column 
in the table gives the values of AFw/T taken from Table 2, with ad- 
ditional values of T not given in that table. From the plots shown in 



0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 

lo’/r 

Fig. 2. Plots of — AF/T versus l/T for formation of water vapor (AFjv), oxidation 
of Cu to CujO (AFi), oxidation of CU 2 O to CuO (AFj), and oxidation of 

Cu to CuO (AFs). 

Fig. 2 it is observed that, to a very good degree of approximation, the 
values of AF/T plotted versus l/T lie on straight lines, in accordance 
with equations 8 and 10. However, the actual values given in Table 
4 were used to calculate the dissociation pressures of the oxides, 

(O 2 ), and values of Kg shown in Table 5. These were derived by means 
of equations 5 and 6 above. 

It will be observed that, for any given temperature, the value of Pmm 
in the sixth column is equal to the product of the values of in the 
second and fourth columns, and a similar relation applies to the values 
of Kg = (H 2 O)/ (H 2 ). It may be demonstrated very easily that these 
relations follow from equation 1. 

The values given in Table 5 for the dissociation pressure of CuO to 
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CU 2 O are in good agreement with those obtained by H. W. Foote and 
E. K. Smith^® and also with those published by E. Brody and 
Th. Millner.2o 

The values derived for the dissociation pressures of CU 2 O are in 
reasonable agreement with those given by F. Halla^^ but differ from 
those calculated by J. Gundermann, K. Hauffe, and C. Wagner^^ from 
emf measurements at high temperatures. Table 6 shows their values as 
compared with those derived by interpolation of the data in Table 5. 

N. P. Allen and T. Hewitt^^ have calculated the dissociation pressures 
of CU 2 O from determinations of the constant K a for the reaction between 
steam and molten copper. Their results are also shown in the last three 
rows of Table 6 and, for comparison, the values calculated by extrapola- 
tion of the data in Table 5. 

As will be observed, the dissociation of CuO to CU 2 O is the only one of 
the three dissociation reactions for which the pressures of oxygen are 
sufficiently high at temperatures of 900° K and above to be of interest in 
actual exhaust operations. On the other hand, the fact that the values 
oi Kh are very large in the three reductions, even at 1300° K, indicates 

TABLE 6 

Comparison of Dissociation Pressures op CU2O in Table 6 
AND Observed Values 



Values of Pmm (O 2 ) 

Values of Pmm (Oj) 

T 

from Table 5 

from Other Sources 

1073 

2.1 • 10-’^ 

1.9 • 10“*] 

1173 

4.6 • 10“« 

4.4- 10“®y Gundermann, etc. 

1273 

6.2 • 10-® 

4.8 • 10-^1 

1337 

5.5 • 10-* 

1.4 • 10-^1 

1363 

1.45 ■ 10-* 

3.7 • 10~^ 1 Allen and Hewitt 

1423 

1.55 • 10-* 

1.4 • 10“’ J 


that reduction of the oxides to metal occurs very readily, even when the 
hydrogen contains considerable percentages of water vapor. If, how- 
ever, the ratio (H20)/(H2) is in excess of that derived in Table 5, 
oxidation occurs rather than reduction. For instance, at 1200° K, a 
hydrogen-steam mixture will oxidize copper if the value of this ratio 
is greater than 8.93 • 10^. 

The fact that in the reduction of the oxides of copper by hydrogen the 

J. Am, Chem. Soc., 80, 1344 (1908). 

Z, anorg. Chem.f IM, 86 (1927). 

Z. amrg. Chem., 180, 83 (1929). 

Z. physik. Chem., B, 37, 148 (1937). 

« J. Inst. Metcda, 51, 257 (1933). 
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reaction can occur even in the presence of a relatively large percentage 
of steam is in contrast to the observation with other oxides, as will be 
emphasized in the subsequent discussion. 

Although the reduction of CuO by hydrogen begins at 200° C, the 
temperature actually used in practice is about 500° C, since the velocity 
of chemical reactions increases rapidly with the tefnperature. It should 
be observed that thermodynamic calculations, such as those made above, 
supply no criterion whatever regarding the velocity of a reaction. 

As a rough approximation for determining the possibility of a chemi- 
cal reaction, it is a usual procedure to calculate the magnitude and sign 
of the total energy change (thermochemical heat of reaction). For the 
oxides of copper the values of this energy change, designated by AH 
(calories per gram atom of oxygen), are as follows: 

Cu + O. 5 O 2 CuO - 34,890 cal, 

2Cu + O. 5 O 2 CU 2 O - 39,900 cal 

Since H 2 + O. 5 O 2 H 2 O (g) — 57,826 cal, it follows that 
CU 2 O + H 2 2Cu + H 2 O ~ 17,926 cal, 

0.5 CuO + H 2 0.5 Cu + H 2 O ~ 40,381 cal, 

and 

2CuO + H 2 CU 2 O + H 2 O - 27,946 cal. 

That is, in all cases heat is evolvedy and the reduction is exothermic, 
with a large decrease in the value of AH. Consequently we can safely 
predict that reduction will proceed readily at a sufficiently high tempera- 
ture. 

One other consideration that should be mentioned in this connection 
is the effect of hydrogen on the physical properties of copper. As stated 
in Chapter 9, section 15, hydrogen “embrittlement” of copper is a phe- 
nomenon familiar to metallurgists, and therefore in the high-temperature 
treatment of copper in order to eliminate oxides precautions should be 
taken to avoid this effect. 

6. DISSOCIATION OF OXIDES OF IRON AND THEIR REDUCTION 

BY HYDROGEN 

The reactions of iron which have to be considered are the following: 
(la) Fe + O. 5 O 2 FeO {AF 1 , Pmmi)* 

(16) FeO + H 2 Fe + H 2 O {AFhii Khi)< 
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(l la) 3 FeO + O.5O2 Fe 304 (AF2, P„„2). 

(l lb) Fe304 “h H2 — > 3 FeO -f- H2O (AF^2) 

(IIIo) 2 Fe 304 + O. 5 O 2 — > 3 Fe 203 (AF 3 , Pmms). 

(III6) 3Fe203 + H 2 —* 2Fe304 + H 2 O (AP ^ 3 , Ka^). 

(IVa) 3 Fe + 2O2 — » Fe304 {AP4, Pto„4). 

(lYb) Fe304 + 4H2 -> 3 Fe + 4H2O iAFai,KHi). 

(Va) 2 Fe + I.5O2 — ♦ Fe203 (AP5, Pmms)- 

(V 6 ) Fe203 + 3H2 2 Fe + 3H2O (AFnarKas). 

The corresponding values of AP, Pmm (the dissociation pressure of 
the oxide), and Kh = (H20)/(H2) are indicated by the symbols in 
parentheses. 

Relations for the calculation of APi, AP2, etc., have been derived by 
J. Chipman and D. W. Murphy. From the values of APi, etc., thus 
derived, values of Pmmi, Pmm2, etc., can be calculated by means of 
relations similar to equations 1.11 and 4 . 5 . 

Actually the values of APi, AP2, etc., have been derived from observa- 
tions on the values of Khi, Kh 2 , etc. By combining the values of 
APhi, AFh 2 , etc., thus obtained, with those of AFw, it is possible to 
derive values for APj, AF 2 , etc., by means of relations similar to those 
in section 4 above. 

In deriving the values of APi and of the corresponding values of 
Pmmi (the dissociation pressure for FeO), the values of Khi used were 
those published by J. B. Austin and M. J. Day,^® which are in substan- 
tial agreement with those observed by P. H. Emmett and J. F. Schultz*® 
and also by Chipman and S. Marshall.*^ These values are shown in the 
second column of Table 7 , and the corresponding values of Pmmi are 
shown in the third column. 

From energy considerations it follows that, for any given value of T, 
the five different values of AP must satisfy the following relations: 

3 APi + AP2 = AP4 ( 1 ) 

** J. Ind. Eng. Chem., 25 , 319 (1933). 

J. Ind. Eng. Chem., 38 , 23 (1941). This gives values of Khi over the range 
400“ C to 1300® C. The values ^ven in Table 7, which are only slightly different 
from those published in 1941, are taken from a more recent paper by Austin, published 
by the Americmi Society for Metals, Cleveland, Ohio, in the . Symposium on Con- 
trolled Atmospheres, 1942. 

J. Am. Chem. Soc., 52 , 4268 (1930). 

” J. Am. Chem. Soc., 62 , 299 (1940). 
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and 


2 AF 4 + Ajp3 = 

(2) 

Using the expression for AFJT derived by Chipman and Murphy®® 
and a plot of AFi/T versus 1/T, derived as described above, the follow- 
ing empirical relations were derived for AF 2 IT, log Pmm 2 and log Km- 

25.55 

(3) 

log P,... 14.05 

(4) 

, rr « 2531 

log Kh 2 - 2.635 — y • 

(5) 

Values of Kh 2 and Pmm 2 (the dissociation pressure 
reaction Ila) calculated by means of these relations 

of oxygen for 
are shown in 


Table 7. 


Thompson has summarized the results of experimental observations 
on the values of Kh 2 , obtained by several investigators, and has de- 
duced from these data the relation, valid over the range 863° K to 
1335° K, 

3070 

logKgz = 3.25 — • (6) 

This is a very rough approximation, since the limits of error in the two 
constants, according to Thompson, are ±0.38 and ±300, respectively. 

L. Wohler and O. Balz^® determined values of K m for the range 913° K 
to 1223° K. A plot of their results yields the relation 

logAH2 = 2.41-^- (7) 

Values of Km derived by means of these last two equations are as 
follows: 

T\ 1400 1300 1200 1100 1000 900 

X«2(Th): 11.4 7.76 4.90 3.65 1.61 0.69 

XflsCW&B): 10.2 7.94 6.03 4.27 2.82 1.74 

Evidently these values are considerably higher than those in Table 7. 

From the expression for KFJT, which was mentioned above, values of 
Pmmi and Kni have been calculated; they are shown in Table 8. From 

®®Loc. cU. 

”2. Elektrochem., 27, 406 (1921). 
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a review of determinations made by different investigators of values of 
Kni, Thompson has derived the following relation, which is valid only 
in the range 706° K to 838° K: 

41ogifff4 = 5.59-~- (8) 

The two values given in the fourth column of Table 8 have been 
derived by means of this relation. 



0 200 400 600 800 1000 1200 1400 1600 

Temperature in *0 

Fig. 3. Plots of log of dissociation pressures versus temperature for Fe208 (to Fe) 
and for Cr208 (to Cr) (Gulbransen). 

The values of Pmmb and Kub given in Table 8 were derived by means 
of the relation derived for AF 5 by Chipman and Murphy. Figures 3 
and 4 show plots of the dissociation pressure of Fe 203 , Patmb, and of 
Kffg respectively, as deduced by E. A. Gulbransen^® from the relation 
for AF 5 given by J. Chipman and D. W. Murphy.®^ 

From the values of AFJT and AFJT, those of AF 3 /T were calculated 
by means of equation 2. However, a comparison of the values thus 
derived with those obtained by 0. C. Ralston^^ shows considerable dis- 
agreement. This result is not surprising in view of the fact that any 

Trans. Electrochem. Soc., 82, 375 (1942). 

Ind. Eng. Chem., 26, 326 (1933). 

Bur, Mines, Bulletin 296, Washington, 1929. 
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TABLE 7 

Dissociation Pressubes of Oxides of Iron 
AND Equilibrium Constants for Reduction by Hydrogen (I.) 


Reactions la and I& 
(FeO : Fe) 

T Kh\ Pmml 

Reactions Ha and II6 
(Fe 304 :Fe 0 ) 

T Kh 2 Pmm2 ^ 

Reactions Ilia and III6 
s (Fe208 : Fe304) 

T Kjjz PmmZ 

1373 

0.743 

6.0 • 10 -“ 

1400 

6.71 

8.7 • 10 -* 

1400 

18.8 

7.0 • 10 “* 

1273 

.662 

7.6 • 10 - 1 * 

1300 

4.92 

1.8 • 10 - 1 ® 

1200 

16.8 

4.6 10-“ 

1200 


7.1 • 10-i< 

1200 

3.35 

1.9- 10~^* 

1100 

15.7 

4.8 -10-“ 

1173 

.582 

1.7 • 10-i< 

1100 

2.16 

8.3 • 10-‘® 

1000 

14.4 

2.2 • 10-“ 

1073 

.499 

1.2 • 10-‘« 

1000 

1.27 

1.3 • 10-” 

900 

12.9 

2.1 • 10-“ 

973 

.422 

2.6 • 10-‘» 

900 

0.66 

4.6 • 10-“* 

800 

11.4 

0 

1 

0 

00 

923 

.376 

7.2 • 10-^1 







873 

.340 

1.5 • 10“** 







823 

.283 









errors in the expressions for AF4 and AF5 are magnified considerably 
in the calculation of AF3 by means of equation 2. 



Fig. 4. Plots of log of ratio (H80)/(Hj) versus temperature for equilibrium over 
the systems FeaOi-Fe and Cr20j-Cr (Gulbransen). 


Consequently, more reliance has been placed on the experimental 
determinations of Kh^ made by Wohler and Balz.®^ These values, 

** Loc. dU 
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TABLE 8 

Dissociation Pressure op Oxides of Iron 
AND Equilibrium Constants for Reduction by Hydrogen (II.) 



Fe 304 : Fe 

Fe203 : Fe 

T 

Reactions IVa and IV6 

Reactions Va and V6 


Pmm4 

X//4 

Kni (Th) 

PfnmB 

Km 

1400 

3.47 • io-‘® 

1.340 


1.26 • 10"* 

8.00 

1200 

1.51 • 10-‘» 

0.984 


4.68- 10-‘* 

5.30 

1100 

1.12- 10" 

.785 


3.16 • 10-‘® 

3.90 

1000 

2.88 • 10“** 

.603 


6.75 • 10-‘* 

2.70 

900 

2.00 • 10-®‘ 

.398 


3.98 • 10-*® 

1.78 

800 

2.14- 10-*® 

.275 

0.328 

6.17 • 10-*® 

1.45 

700 

1.59 • 10“®“ 

.159 

.177 




which are represented satisfactorily by the empirical relation 

log A :;,3 = 1.669 -^ (9) 

are given in the second last column of Table 7. By means of the relation 
log PmmS = 2.881 + 2(log Kh 3 ““ log Kjy) (10) 

values of Pmms (dissociation pressure of Fe 203 to Fe 304 ) were calculated; 
they are given in the last column. 

These pressures are extremely low compared with those published by 
P. T. Walden.^^ Thus Walden gives the value Pmms = 5.0 mm at 
T = 1373, and correspondingly higher values for higher temperatures. 
However, these values of Pmms, if correct, would lead to impossibly high 
values of Khs (of the order of 10® at T = 1400). 

That the data in Tables 7 and 8 on the dissociation pressures of the 
oxides of iron are in agreement with observations on the oxidation of 
iron at different temperatures is pointed out in section 11 below, espe- 
cially in the discussion of Fig. 7. This diagram should therefore be 
consulted in connection with the above calculations. 

Summarizing the results derived in Tables 7 and 8, the following 
conclusions may be drawn: 

1. The dissociation pressures of the oxides of iron are extremely low, 

even at 1400® K. ' 

2. The values of the ratio of the concentration of H 2 O to that of H 2 
at equilibrium, while increasing with the temperature, are less than unity 

J. Am. Chem. Soc., 80, 1350 (1908). 
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for the reduction of Fe203 to Fe and highest for the reduction of Fe203 
to Fe304. 



Temperature in 'K 


Fig. 6. Plots of equilibrium pressure ratios (H20)/(Ha) versus temperature for the 
oxidation of iron by water vapor and reduction of oxides of iron by hydrogen. Curve 
Km for the system FeO-Fe; curve 2 for the system Fe*04-Fe0; K ^4 for the system 
Fea04-Fe; Curve Km for the system FeaOrFe. 

Figure 6 shows plots of and ^^4 over the range T = 700 ® 

to r = 1400 ®. For values of (H2O)/ (H2) less than those given by the 
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plot for Kill, FeO is reduced by hydrogen. The region between the plots 
for Kui and Kni corresponds to oxidation to FeO, and, in the region 
between the plots for Km and Kh2, Fe304 is reduced to FeO. In the 
region between the plots for Kj]^ and Kui, Fe304 is the oxide formed by 
the action of steam on Fe or FeO. Finally, in order to obtain FejOa, 
the ratio (H20)/(H2) must exceed the values determined by the plot 
for Km- 

The data on thermochemical heats of formation indicate that in all 
these reactions heat is evolved (AH is negative) when the reaction proceeds 
in the direction of oxidation by steam. The magnitudes of the energy 
of reaction in calories per mole H2O are as follows: 

( 16 ) Fe + H2O -» FeO + Ha - 6214 . 

(IV 6 ) f Fe + H2O ^ jFe 304 + Ha - 8661 . 

(V 6 ) fFe + H2O iFezOa + H2 - 5741 . 

Thus for these reactions, deductions based on the fact that heat is 
evolved are not at all valid. Actually, the course of each reaction 
depends upon the value of the ratio (H20)/(H2) in the gas, that is, on 
the magnitude and sign of AFh. 

6. DISSOCIATION AND REDUCTION OF OXIDES OF NICEIEL AND 

COBALT 

H. L. Johnson and A. L. Marshall®® have measured the dissociation 
pressures of nickel oxide according to the reaction 

Ni + O.5O2 -> NiO. 

From these values, those oi K = (H 20 )/(H 2 ) have been derived for 
the reaction 

NiO + Ha Ni + H2O. 

Both sets of data are given in Table 9 . 

For the analogous reactions for cobalt, the relations given by Thomp- 
son for the free energy of formation of CoO have been used. Values of 
AFi/T, Pmm (O2), and Kg are given in Table 9 . 

The dissociation pressures for NiO in Table 9 . are considerably lower 
than the values observed by H. W. Foote and E. K. Smith.®® According 
to them the values of Pmm (O2) are as follows: 

»» /. Am. Chem. Soe., 62, 1382 (1940). 

»* J. Am. Chem. 80 c., 80, 1344 (1908). 
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t ^ C : 1000 1100 1200 1245 

Pmm: 2.0 5.6 13.0 18.0 

The thermochemical heat of formation of NiO is 57,830 cal/mole. 
Comparing this with the value 57,826 for H 2 O, it is evident that these 
data are altogether inadequate for the purpose of predicting the direc- 
tion of the reaction 


NiO + H 2 ^ Ni + H 2 O. 

TABLE 9 

Dissociation Pressures for Oxides op Nickel and Cobalt 
AND Equilibrium Constants for Their Reduction 


NiO 

CoO 

T 

Pmm (O2) 

Kh 

T 

-AFi/T 

Pmm (O2) 

Kh 

1440 

6.9 • 10-^ 

30.2 

800 

63.18 

— 

45.7 

1495 

2.6 • i(r* 

29.0 

1000 

39.15 

6.8 • lO-i** 

31.4 

1511 

3.8 • io-« 

28.9 

1200 

29.73 

7.6 • 10-“ 

25.1 

1529 

5.6 • 10-* 

28.2 

1400 

22.92 

7.2 • 10“* 

21.6 

1566 

1.4 • 10-“ 

27.9 

1600 

17.75 

1.32 • 10"® 

19.2 




1700 

15.59 

1.16 • 10-< 

— 


The values derived for Kjj from the values of AFi, which are given in 
the third column of Table 9, lead to the conclusion that hydrogen 
reduced NiO very readily at high temperatures, and, since evidently 
increases with decrease in temperature, the reduction must occur even 
more readily at lower temperatures. 

The oxide of cobalt is also reduced at all temperatures by hydrogen, 
as shown by the values of Kh given in the last column of Table 9. 
Wohler and Balz^^ obtained the value Kh == 14.0 for T = 723, which 
is lower than that calculated from the value of AFi/T. 

The higher oxide, C 03 O 4 , dissociates at moderately high temperatures 
according to the equation 

Co3O4?:^0.5O2 + 3CoO. 

Two sets of values are quoted by Thompson^® for the dissociation 
pressures; they are given in Table 10. 

From plots of log Pmm versus l/T, the relations are derived that are 
shown in the lowest row in the table. The corresponding values of AH, 

Loc, cU, 

Op. cU ,, p. 24. 
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TABLE 10 

Dissociation Pkessubes of CoaOi 


Set I Set II 


T 

Pmm (O 2 ) 

T 

Pmm (O 2 ) 

1128 

23 

1073 

10 

1170 

81 

1123 

28 

1201 

174 

1183 

183 

1233 

438 

1223 

521 



1243 

765 

1 Pmm ~ 

16.725- 17,350/r 

log Pmm “ 

16.109- 16,420/r 


the heat of reaction, are 34,500 and 32,600 cal/mole C 03 O 4 , which are 
in satisfactory agreement with thermochemical data. 

Obviously C 03 O 4 is readily reduced by hydrogen at moderate tem- 
peratures. 

7. DISSOCIATION AND REDUCTION OF OXIDES OF MANGANESE, 
CHROMIUM, MOLYBDENUM, AND TUNGSTEN 

There are at least four oxides of manganese, which may be regarded 
as successive stages of oxidation of manganese or successive stages in the 
reduction of Mn 02 . These reactions and the temperature ranges in 
which dissociation have been observed are as follows:®® 

MnO Mn -I- O. 5 O 2 very high temperatures, 

Mn 304 -♦ 3MnO + O. 5 O 2 above 1300'’ C, 

3 Mn 203 -♦ 2 Mn 304 + O. 6 O 2 900-1000° C, 

2Mn02 MnzOs -I- O. 5 O 2 500-900° C. 

Thus, according to KrUll, dissociation of Mn 02 is already perceptible 
(but occurs at a very slow rate) at 500° C and occurs very rapidly at 
900° C. 

Though M. de K. Thompson has deduced equations for the free energy 
of each of the oxides from the elements, the values of AF/T deduced 
from these equations are apparently not sufficiratly accurate to be in 
accord with the above observations for the temperature ranges in which 
dissociation occurs. However, the values of AF/T calculated for the 
formation of MnO lead to the conclusion that, at T = 1400, Pmm (O 2 ) == 
1.5 ■ 10~®® mm; that is, the dissociation pressure is negligibly small. 

*'F. KrllU, Z. anorg. Chem., 208, 134 (1932); also A. ISmon and F. Feh4r, Z. 
EUktroehem., 88, 137 (1932). 
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According to Wohler and the value oi Kg for the reaction 

MnaO^ + H 2 — > 3MnO + H 2 O 

at r = 723 is 34.6. Hence, the dissociation pressure of Mn 304 at this 
temperature is calculated to be about 1.4 • 10“^^ ^mm. 

A. F. Kapustinskh and K. S. Bayushkina^^ have measured the dis- 
sociation pressures for the reaction 

2 Mn 02 — > O.5O2 -[■ lVIn203, 
and their results are represented by the relation 

6897 

log Pmm = 11.007 — • 


Values of the dissociation pressure, in millimeters, calculated from 
this relation are as follows: 


«“C: 
Pmm (O 2 ) : 


575 527 427 

760 244 14 


Chromium forms the two very stable oxides CrO and Cr 203 . The 
equilibrium constant of the reaction 


2Cr -I- 3 H 2 O Cr 203 + 3 H 2 

has been measured by G. Grube and M. Flad.'*^ Table 11(a) gives the 
results obtained by them and values of Pmm (O 2 ), calculated from these 
results by Thompson, 


TABLE 11 (o) 

Oxidation of Chromium by Water Vapor 


T 

Pmm (H 2 ) 

Pmm (H 2 O) 

log Pmm (O 2 ) 

1168 

740.3 

0.101 

-24.13 

1241 

730.3 

.173 

-22.29 

1275 

734.7 

.243 

-21.42 


That is, at equilibrium at 1 168® K, there is present only about 1 part 
of water vapor in 7400 parts of hydrogen, by volume. Consequently, 
any moisture present in hydrogen in excess of this concentration must 
oxidize metallic chromium. This reaction has therefore been used to 
obtain the extremely pure hydrogen required for many annealing and 
firing processes, 

hoc. cit. 

« J. Phys. Chem. (U.S.S.R.), 11, 77 (1938). 

« Z. EUktrochem., 46 , 835 (1939). 
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C. G. Maier^® has calculated the free-energy relations for the above 
reaction and also for the reaction 

CrO + Ha ^ Cr + HgO. 

Table 11(6) gives values of the equilibrium constants Kg — (HaO)/ 
(Ha) deduced by him for the above reaction and for the reaction 

CraOa + Ha 2CrO + HaO 
TABLE 11(6) 

Equilibrium Constants fob Reduction op Oxides of Chromium 


T 

Cr 203 >Cr 

CrO-Cr 

Cr 203 -Cr 0 


log Aw 



Pmm (H 2 O) 

log Aw 

Pmm (H 2 O) 

1000 

-4.883 

9 . 96- 10 "’ 

-5.62 

1.82- 10"’ 

-3.42 

0.288 

1200 

-3.80 

0.121 

-4.34 

3.47- 10"’ 

-2.72 

1.45 

1400 

-3.073 

0.643 

-3.47 

0.257 

-2.27 

4.07 

1600 

-2.478 

2.53 

-2.77 

1.29 

-1.92 

9.12 

1800 

-2.048 

6.79 

-2.25 

4.27 

-1.65 

17.0 

2000 

-1.463 

14.9 

-1.84 

11.0 

-1.44 

27.5 


Assuming that Pmm (Ha) = 760, the values of log Kg yield the values 
of P„„(HaO) that are given in the table. 

Figures 3 and 4 in section 5 give plots of values oi Kg and of the dis- 
sociation pressures for CraOa as deduced by Gulbransen^^ from the re- 
lation for AF given by J. Chipman.^® 

For the oxidation of molybdenum according to the reaction 

Mo + 2HaO 2 H 2 + MoOa, 

the relation given by Thompson for the value of AF leads to the following 
results: 


T: 900 1000 

(HaOl/fHa): 86.3 246 

Hence, at these temperatures the oxide is reduced by hydrogen. 
For the oxidation of tungsten according to the reaction 

W-f-2H20-^2H2-|- WO 2 , 

** Bw. Mines BvlleHn 436, 1942. 

LoCt citt 

« Trans. Am. 80 c. Metals, 22, 426 (1934). 
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Smithells^® has deduced the relation 


log 


(H 2 O) 

(H 2 ) 


= 0.845 - 


nil 

T 


which leads to the following results: s 

T: 1000 1200 1400 1600 

(H20)/(H2): 0.542 0.830 1.12 1.42 


For the reaction 


1800 

1.69 


2WO2 + H2O H2 + W2O6, 

the value of the ratio (H20)/(H2), according to Thompson, is about 
1.22 at T = 1000. 

Hence, it follows that at these temperatures water vapor oxidizes 
readily not only tungsten but also the oxide WO 2 to the higher oxide 
W2O6. 


8. REDUCTION OF OXIDES BY CARBON MONOXIDE, OTHER 
REDUCING ATMOSPHERES, AND CARBON 

For the reduction of oxides, carbon monoxide or some other reducing 
atmosphere may be used, under certain conditions, to replace hydrogen. 
Indeed, in industrial metallurgical practice this is often done. The 
chemical reaction involved with a divalent metal (such as iron or nickel) 
is 

I MO + CO ^ M + CO2. 

Let AFc denote the free energy increase for the reaction 

II CO + O.5O2 CO2, 

and let AFq denote the free energy of formation of the oxide per gram 
atom of oxygen. Then the free energy for reaction I is 

AFji = AF c — AF o, 
which is analogous to the relation 

AF jj = AFjy ■“ AFq 

given in section 1 above for the reduction by hydrogen. 

In this case, if we assume that both metal and oxide are not volatile 

Tungsten^ a Treatise on Its Metallurgy, PropertieSy and Applications, Van Nos- 
trand, New York, 1936. The relation given for log K is quoted from the paper by 
G. E. Moore, J. Chem. Phys,, 9, 427 (1941), on the reduction of MgO by tungsten in 
vacuum. 
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in the range of temperatures under consideration, the equilibrium 
constant, 


P(C02) (CO 2 ) 

" P(CO) (CO) ’ 

is determined by means of the relation 


log Kb = 


1 ^ R 

4.674* T 



1 

4.674P 


(AP c ~ APo)) 


( 2 ) 


where APc is determined from observations of the values of the equilib- 
rium constant 


Pam (CO 2 ) 

Palm (CO) vp„,„ (O 2 ) 


(3) 


by means of the relation 

APc = -4.574r log Kc. 


From the relation for APc given by Thompson, we obtain values 
which, for the range T = 600 to T = 1500, can be represented (with a 
difference not exceeding 0.2 per cent) by the linear relation 

APc = -67,600 + 20.84T. (4) 

Even at 2000° K, the value derived from this equation is only about 
1 per cent less than that calculated by means of the more elaborate 
relation derived by Thompson. 

Comparing the last equation with equation 2.6 for APj^, it is evident 
that, in the reduction of oxides by carbon monoxide, the value of the 
ratio (C02)/(CO) for a given temperature is of the same order of mag- 
nitude as that of the ratio (H 20 )/(H 2 ) for the reduction of oxides by 
hydrogen. This is shown for the reduction of FeO by the data in the 
second and third columns in Table 12, which are taken from publica- 
tions by J. B. Austin and M. J. Day.'*’’ 

Besides hydrogen and carbon monoxide, other t 3 q)es of reducing 
atmospheres are often used in metallurgical practice. The equilib- 
rium constants for three of these reducing gases taken from the publica- 
tion by Austin and Day, are shown in the last three columns of Table 12. 
It should be observed that in the water-gas reaction the atmosphere will 

See footnote 26. 



TABLE 12 

Equilibrium Constants for the Reduction of FeO by Hydrogen and Carbon Monoxide and for Three Other Reactions 
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be oxidizing or reducing according as the values of the ratios Pco/Pcch 
or Pnt/PjiiO 3.re less than, or greater than, the individual values of 
Ki and K 2 shown in the table. 

Both the producer-gas reaction (leading to formation of carbon 
monoxide) and the decomposition of methane are evidently favored by 
increase in temperature. 

Table 13 taken from the treatise by N. R. Stansel^® gives the composi- 
tion of a number of gaseous mixtures used in industrial metallurgical 
operations. 


TABLE 13 


Commercial Reducing Gabes and Their Analysis' 


Constituents, Per Cent by Volume 


Gas 

CH 4 

C 2 H 6 

C 2 H 4 

CO 2 

CO 

H 2 

O 2 

N 2 

Natural gas, Ohio 

80.5 

18.2 






1.3 

Natural gas, Penna. 
Manufactured coal 

67.6 

31.3 






1.1 

gas 

40 


4.2 

0.50 

6.0 

46.0 

0.50 

1.5 

Water gas 

2 



4 

45.0 

45.0 

0.50 

2 

Blue water gas 
Carburetted water 




3.5 

43.4 

51.8 


1.30 

gas 

20 


12.05 

0.22 

25.9 

36.50 

0.03 

3.24 

Producer gas (bit.) 
Producer gas 

2.5 


0.4 

2.5 

27 

12.0 

0.3 

55.3 

(anth.) 

0.31 


0.31 

6.57 

25.07 

18.73 


49.01 

Oil gas 

58.3 


17.4 



24.3 



Blast-furnace gas 




14.48 

22.81 

5.07 


57.6 


The composition of commercial producer gas varies according as the 
coal used is bituminous or anthracite. The active components are 
carbon monoxide and hydrogen, while about half the mixture is nitrogen. 

Coke-oven gas consists mainly of hydrogen and methane, and the 
carbon monoxide content ranges from 5 to 9 per cent. 

As will be observed, the composition of commercial water-gas mixtures 
is very close to the theoretical, which is equal parts of hydrogen and 
carbon monoxide. 

Carburetted water gas contains, in addition to the constituents men- 
tioned in the table, 2 per cent benzene. 

The selection of an atmosphere for any particular service involves a 
number of considerations of a practical nature which are discussed by 
Stansel. In using such gas mixtures for the high-temperature treat- 

Industrial Electric Heating^ John Wiley <fe Sons, New York, 1933. 
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ment of metal parts for application in high-vacuum devices or systems, 
every precaution must be taken to avoid deleterious chemical and physi- 
cal effects. 

In a series of papers on the topic ^'Gases and Metals and Their In- 
fluence/’^^ which treat briefly many of the topics presented in this 
and previous chapters, H. Lepp has also discussed the reactions of 
oxides with hydrogen, carbon monoxide, and other reducing gases.®® 
Whereas hydrogen can react in only one way, viz., that which leads to 
the formation of water, carbon monoxide can also react with the metal 
obtained by reduction of the oxide. 

For example, with iron and nickel, carbon monoxide forms the car- 
bonyls Fe(CO )5 and Ni(CO) 4 , respectively. These reactions occur at 
low temperatures (about 200^0); the products are volatile and dis- 
sociate readily at relatively low temperatures. 

At about 500° C to 600° C, carbon monoxide may react with metals to 
form carbides. For example, we have the reactions 

3Fe + 2CO FeaC + CO 2 

and 

4Ni + CO NisC + NiO, 
as well as the oxidation reaction, 

Ni + C 02 -->NiO + CO. 

At the melting point of iron, the equilibrium for the reaction, 

4Fe + CO FeO + FesC 
is definitely displaced to the right. 

Hence, from the point of view of eliminating oxides from metal parts 
which are intended for use in high-vacuum devices, carbon monoxide 
should be used with considerable caution. The same remark applies to 
other reducing atmospheres obtained by cracking hydrocarbon gases. 
For example, methane reacts with iron according to the equation 

3Fe + CH4 FeaC + 2H2 

to form the carbide. This is the well-known process of cementation. 

In a similar manner the reaction between certain oxides and carbon 
leads to the formation of carbides. For instance, C. H. Prescott has 
studied the two reactions 

ZrOa + 3C ZrC + 2CO®^ 

MeUd Ind. London, 63, 27, 59, 79, 103, 131 (1938). 

^ Metal Ind. London, 63, 103 (1938). 

J, Am. Chem. Soc., 48 , 2534 (1926). 
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and 

ThOa + 4C ^ ThCa + 200.^^ 

For the first reaction, he obtained the following relation for the pres- 
sure of carbon monoxide in atmospheres: 

log Palm = 8.592 - , ( 5 ) 

and, for the second, the relation 

IQ 325 

log = 8.069 --^; (6) 

From these relations the following values for the pressure of carbon 
monoxide are deduced for a series of values of T. The second row gives 
the values for the reduction of Zr 02 ; the third row, those for the re- 
duction of Th 02 : 

T: 1600 1800 2000 2200 2400 

(Reduction of Zr02), P„(« (CO): 1.7- 10"* 2.4 • lO"! 2.00 11.35 — 

(Reduction of ThOj), Paim (CO): 1 • 10“^ 4.6 • 10"** 2.55 • 10-^ 0.191 1.04 

Thus Zr02 is much more readily reduced by carbon than Th02. The 
values of AF corresponding to relations 5 and 6, as derived by Prescott, 
are: 

AF = 151,800 - 78.68r (7) 

and 

AF = 176,970 - 73.892T, (8) 

respectively. 

Quite frequently it is of interest to know the order of magnitude of the 
free energy for the reduction of an oxide by some metal. For example, 
the reaction 


2MgO (s) + W («) ^ 2Mg {g) + WO 2 (s) 

has been investigated by G. E. Moore.®® He determined the vapor 
pressure of magnesium as a function of T and observed that there is a 
remarkable agreement between these values and those derived from cal- 
culated values of AF for the reaction. The following approximate 

** Prescott and W. B. Hincke, J. Am. Chem. Soc., 49, 2744 (1927). 

®* J. Chem. Phya., 9, 427 (1941). See footnote 46 for reference to reduction of 
WO* by H^ 
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values of the vapor pressure in millimeters of mercury were obtained from 
the plot given in the publication: 

T: 1400 1600 1800 

Pmm! 10“» 2 10-« 1-10~^ 


Similar reactions for which both experimental ^ata and calculations of 
AF would be extremely desirable for a better understanding of electron 
emission phenomena in good vacuum are the following: 


and 


ThOa + W Th + WO 2 , 
BaO “b C — > Ba -b CO, 

BaO “b CO — > Ba ~b CO 2 . 


9. DISSOCIATION OF HYDRIDES OF THE ALKALI AND 
ALKALINE-EARTH METALS 

In Chapter 9 a comparison was made between the heats of formation 
of the so-called hydrides of the titanium group of metals and the hy- 
drides of the alkali and alkaline-earth metals. These hydrides are formed 
when hydrogen is passed over the heated metals, so that the metal 
functions as a ^^getter’^ or chemical clean-up reagent. (Getters were 
discussed in Chapter 10.) At higher temperatures these hydrides dis- 
sociate, and at each temperature there exists an equilibrium pressure. 

Dissociation Pressures of NaH and KH. These have been measured 
by F. G. Keyes®^ and more recently by E. F. Sellers and J. L. Crenshaw^® 
who have also measured the dissociation pressures of the deuterides. 
Since the results obtained in these two investigations are in very good 
agreement we can, for the purpose of extrapolation to lower temperature, 
use the empirical relations derived in the more recent investigations, 
which are as follows: 


For NaH, 

logP„„ = 11.9250 - 

6318.41 

T 

(1) 

KH, 

logPm„ = 11.6535 - 

6185.57 

T 

(2) 

NaD, 

logP™„ = 13.1994 - 

6915.0 

T 

(3) 

KD, 

logPmm = 12.1977 - 

6318.68 

T 

(4) 


/. Am. Chem. Soc., 84 , 779 (1912). 

Am. Chem. Soc., 69, 2015 (1937) (KH and KD); 69, 2724 (1937) (NaH and 

NaD). 
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Table 14 gives values of the dissociation pressures calculated by means 
of these relations. 

As will be observed, the dissociation pressure of the deuterides are 
approximately twice those of the corresponding hydrides, while for the 
two hydrides the temperatures corresponding to a given value of the 
pressure are very closely the same. 

TABLE 14 

Dissociation Pressures op Sodium and Potassium Hydrides and Deuterides 



t^C: 

380 

360 

340 

320 

300 

280 

NaH 

Pmm» 

178 

88.1 

41.6 

18.7 

7.9 

3.2 

NaD 

Pmm' 

407 

189.3 

83.2 

34.7 

13.6 

5.0 

KH 

Pmtn* 

152 

76.5 

36.7 

16.7 

7.2 

3.0 

KD 

P mm* 

343 

164.9 

78.0 

35.0 

14.8 

6.9 




f C for 






10^ 

10^ 

10 

1 

10“i 

10-2 

10“2 

NaH 

256.6 

215.6 

180.5 

150.1 

123.6 

100.1 

79.2 

KH 

257.8 

215.9 

180.1 

149.1 

122.2 

98.4 

77.4 


According to different investigators, sodium absorbs hydrogen ap- 
preciably at 100-200° C, and the rate of absorption increases with the 
temperature, 

Dissociation Pressures of CaH 2 . There is a considerable literature 
on this topic, which has been reviewed by P. Remy-Gennet4 in a series 
of papers.^^ Besides the determinations made by him, careful measure- 
ments have also been made by C. A. Kraus and C. B. Hurd^® and by 
Hurd and K. E. Walker.^® 

The results of each of these investigations can be represented by the 
relation 

B 

P mm — A. — (5) 

where the values of A and B are shown in the second and third columns 
of Table 16. 

The values of A and B in the first row are those derived by Kraus find 
Hurd; the two other pairs of values were derived by the writer from^the 
plots shown in the original publications. From these values of A and 
B, the data given in the rest of the table were calculated. 

*\“The production of NaH and some of its reactions” is discussed by V. L. Han- 
sley and P. J. Carlisle, Chem. Eng. Newa, 23, 1332 (1946). 

Ann. chim. France, 19, 263-362 (1933). 

®* J. Am. Chem. Soc., 48 , 2669 (1923). 

»» J. Am. Chem. Soc., 68, 1681 (1931). 
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TABLE 15 

Dissociation Pressures op CaH2 


C for Pynm ■“ 

A 


Investigators 

A 

B 

10 

1 

10“^ 

10-2 

i(r* io-« 

Kraus and Hurd 

11.14 

10,660 

779 

684 

s605 

538 

480 

431 

Hurd and Walker 

11.79 

11,160 

761 

673 

599 

536 

481 

434 

Remy-Gennet6 

12.66 

12,130 

767 

685 

615 

554 

500 

455 

Hurd) derived 

from 

the second set 

of 

measurements 

the value 


Q = 50,000 cal/mole for the heat of formation of CaH 2 , which is higher 
than the value 46,200 obtained calorimetrically by earlier investigators. 

F. Ephraim and E. Michel®^ attempted to measure dissociation pres- 
sures of LiH, SrH 2 , and BaH 2 but encountered difficulties due to the 
fact that these hydrides form solid solutions with the metals. The 
only definite conclusion they could deduce was that for a given value 
of the dissociation pressure the corresponding temperatures are much 
lower for the other alkaline-earth hydrides than for CaH 2 . For in- 
stance, at 677® C, the minimum value observed for the dissociation 
pressure of BaH 2 was about 270 mm as compared with about 1 mm for 
CaH 2 at this temperature. 

10. DISSOCIATION PRESSURES OF NITRIDES 

The alkali and alkaline-earth metals combine with nitrogen directly to 
form quite stable nitrides, as indicated by the fact that the reactions are 
strongly exothermic. The nitrides of copper, silver, mercury, and lead 
are endothermic compounds and very .explosive. A number of other 
nitrides, such as those of iron, chromium, and manganese, are decom- 
posed at comparatively low temperatures, while a considerable number, 
such as AIN, and TiN are extremely stable. 

According to K. Becker,®^ the nitrides of metals of Groups IV, V, and 
VI in the periodic arrangement can be prepared by heating the metal 
powder to about 1100-1200® C in a current of nitrogen or of a gas, such 
as ammonia, which yields nitrogen by thermal decomposition at higher 
temperatures.®^ An alternative method is to heat a mixture of the 
oxide of the metal with carbon in a stream of nitrogen.®® 

Helv. Chim. Acta, 4, 900 (1921). 

Hochschmeizende Hartstoffe und ihre technische Anwendungf Berlin, Verlag 
Chemie, 1933, published by Authority of the Alien Property Custodian. 

^ The ^^nitriding’’ process is described in the following publications: V. O. Homer- 
berg, Metals Handbook^ p. 1071, American Society for Metals, 1939; C. F. Floe, 
Trans. Am. Soc. Metals, 32, 134 (1944). 

A description of this method has been published by E. Friederich and L. Sittig. 
Z. anorg. allgem. Chem., 143, 293 (1925). See also C. Agte and K. Moers, Z. anorg, 
allgem. Chem., 198, 233 (1931). 
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The nitrides of molybdenum and tungsten are prepared by heating 
the metals in NH3, while Friederich and Sittig have prepared the follow- 
ing nitrides by heating a mixture of the oxide and carbon in nitrogen at 
1200° C: TiN, VN, BN, Si3N4, LaN, ZrN, ScN, CbN, and CeN. 

In Table 16 data are given on the melting points and dissociation 
pressures. For information on the former use has been made of a 
tabulation by L. Brewer, LeRoy Bromley, P. Gilles and N. Lofsgren.®^ 
The values of AF for a number of the nitrides have been derived by 
K. K. Kelley.®® From these data values of the dissociation pressure 
have been derived by means of the relation 

log 2.881, (1) 

where AF is the free energy per mole N2 for the reaction 

xM + N 2 M^N2. (2) 

References to the book by Becker are indicated in Table 16 by the 
number (3); additional references are given in the following remarks in 
connection with the data in the table on page 832. 

BN sublimes at 3000® C. 

Ca 8 N 2 : Data derived from the relation for the dissociation pressures given by 
C. A. Kraus and C. B. Hurd, J, Am. Chem. Soc.y 45, 2659 (1923). 

CbN, M 02 N, ScN, W 2 N, and Yn: The values of the integration constant, A, in 
equation 9.5 for log Pmm are indicated in reference 1 as doubtful. 

Si 8 N 4 : Data derived from the relation for the dissociation pressures given by 
W. B. Hincke and L. R. Brantley, J. Am. Chem. Soc.^ 62, 48 (1930). In the range 
1606° K to 1802° K, the dissociation pressure was observed to vary from 0.27 mm to 
6.49 mm. 

Iron and manganese form more than one nitride for each element. 
For iron the following are known: Fe4N, FesN, and Fe2N. The value 
of AF for Fe4N has been determined from the equilibrium pressures of 
H2 and NH3 in the reaction®® 

2Fe4N + 3H2 8 Fe + 2NH3, 

which is used for the preparation of the nitride. For the reaction 
4Fe(a) + O.6N2 Fe4N 

A report, Thermodynamic and Physical Properties of Nitrides f CarbideSt Sulfides^ 
suicides, and Phosphides, prepared for the Manhattan Project. The writer is in- 
debted to Dr. W. M. Latimer for sending him the above report. This report is in- 
dicated in Table 16 as reference 1. 

Bur. Mines Bulletin 407, Washington, 1937. This is indicated in the table as 
Reference 2. 

Complete details of the observations and calculations are given by Kelley, 
loc. cit. 
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TABLE 16 

Melting Points and Tbmpeeatures for Given Values of Dissociation 
Pressures of Nitrides 


Nitride 

M.R 

® C Reference 

1 

10““^ 

P C for P mm 
10-8 10-3 

Reference 

AIN 

2230 

1 

1487 

1374 

1275 

1187 

2 

Ba3N2 



1002 

923 

855 

794 

2 

Be3N2 

2200 

1 

2208 

2015 

1848 

1704 

2 

BN 

3000 (8) 

1 

1340 

1193 

1075 

927 

2 

Ca3N2 

900 

1 

1235 

1147 

1069 

1000 

Kraus and 








Hurd 

CbN 



1946 

1770 

1620 

1491 

1 

CeN 



2196 

2029 

1884 

1756 

2 

CrN 



719 

646 

582 

533 

2 

LaN 



2010 

1855 

1721 

1602 

2 

Li3N2 



896 

835 

778 

727 

2 

Mg3N2 



1602 

1472 

1359 

1260 

2 

M 02 N 



329 

283 

243 

209 

1 

ScN 

2650 

1 

1880 

1734 

1607 

1495 

1 

Si3N4 

1900 

2 

1421 

1282 

1164 

1060 

Hincke and 








Brantley 

Sr3N2 i 



1154 

1058 

975 

902 

2 

TaN 

3070 rt 60 

3 

1921 

1746 

1699 

1460 

2 

Th3N4 1 



2401 

2206 

2037 

1890 

2 

TiN 

2950 ±50 

3 

2912 

2689 

2489 

2331 

2 

U 3 N 4 ' 



2267 

2070 

1950 

1753 

2 

VN 

2050 

3 

1242 

1127 

1024 

933 

2 

W 2 N 



344 

296 

256 

221 

1 

YN 



1990 

1838 

1704 

1587 

1 

ZrN 

2985 ± 50 

3 

2603 

2390 

2205 

2046 

2 


Kelley’s expression for AF leads to the relation 

log Pm™ = - ^ - 7.12 log T + 3.914 • KT^r + 26.30, (3) 

which leads to the value P™™ = 992 for 26® C, and to much higher 
values of the dissociation pressure at higher temperatures. According 
to P. H. Emmett, S. B. Hendricks, and S. Brunauer,®^ the dissociation 
pressures in atmospheres calculated for a series of temperatures are as 
follows: 


«®C: 420 444 

4260 4300 

” J. Am. Chem. Soc., (2, 1456 (1930). 


460 

5400 


525 

5600 
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Obviously Fe4N is unstable at ordinary temperatures and atmospheric 
pressure. 



£ £ '£ '£ 

» «D « « 

I S S S i 

Fio. 6. Isotherms for the nitrogen-manganese system (Schenck and Kortengrfiber). 

As Kelley has pointed out, an approximate calculation of the free 
energy for the formation of Fe2N leads to the conclusion that this nitride 
is not as stable at room temperature as Fe4N. 

The formation of nitrides of manganese has been investigated in con- 
siderable detail by R. Schenck and A. Kortengraber.®® Figure 6 , from 

Z. anorg. aUgem. Chem.f 210, 273 (1933). 
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their paper, shows a series of isotherms for the range 540° C to 800° C 
corresponding to the dissociation pressures of the series of nitrides 
ranging from Mn 5 N 2 to Mn 9 N 2 . The dotted curves represent isotherms 
obtained by previous investigators. 

As Kelley has stated,®® there is some question ^regarding the existence 
of Mn 5 N 2 , since very valid arguments have been advanced by C. G. 
Maier^® for the conclusion that this is actually a mixture of manganese 
and Mn 3 N 2 . Furthermore, the equilibrium pressure for the reaction 

3Mn -b N 2 — ^ Mn3N2 

depends upon whether the Mn 3 N 2 -Mn system consists of an amorphous 
solid solution (Case A) or mixed crystals (Case B). The relations 
derived by Kelley for each of these cases are as follows: 

2242 

Case A: log Pmm = 5.102 — • (4) 

CaseB: log = 8.854 - • (5) 

Assuming the formation of Mn 6 N 2 , the relation derived by Kelley is 
log = 10.84- (6) 

Table 17 gives values of t in degrees Centigrade corresponding to differ- 
ent values of Pmm for each of these reactions. The only conclusion that 
may be drawn from these data is that the nitrides of manganese are not 
very stable even at moderately high temperatures (below 1000° C). 

TABLE 17 

Temperatures in Degrees Centigrade for Given Values op the 
Dissociation Pressure, for Nitrides of Manganese 




C Calculated according to 

Pmm 

Eq. 4 

£q. 5 

Eq. 6 

10 

276 

668 

1010 

1 

168 

553 

892 

10“^ 

96 

469 

794 

10“2 

44 

401 

711 


A. Fry^^ has reported on the temperatures of dissociation of a number 
Op, city p. 38. 

Bur. Mines Inf. Circ. 6769, Washington, 1934. Reference quoted by Kelley. 
J. Iron Steely Imt. London, 126 , 191 (1932). 
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of nitrided metals and alloys. His results are shown in Table 18 . The 
second column in this table gives the percentage nitrogen calculated for 
the completely nitrided metal. 


TABLE 18 

Decomposition Temperatures in Degrees Centigrade op Nitrided Iron, 
Manganese, Aluminum, and Iron Alloys in Vacitum 


Composition of Alloy 

Per Cent 
Nitrogen 

Decomposition 

Per Cent 
Nitrogen in 


Starts at 

Ends at 

Gas 

Residue 

Nitrided electrolytic Fe 

6.7 

400-500 

700-800 

6.88 

0.005 

Nitrided metallic Mn 

11.8 

600 

700 

11.6 

1.9 

Nitrided A1 

14.6 

>1000 

— 

— 

14.4 

Nitrided electrolytic Cr 

10.6 

600 

— 

4.1 

6.8 

Nitrided ferrochromium 

8.2 

400-500 

— 

4.8 

4.1 

Nitrided ferrotungsten 

3.6 

600 

— 

2.9 

0.6 

Nitrided ferrotitanium 

4.1 

600 

— 

0.9 

3.4 

Nitrided ferro vanadium 

7.9 

400-600 

— 

1.6 

6.3 


From these experiments Fry concludes that ‘^the chemical affinity 
of nitrogen for the elements investigated decreases approximately in the 
following order: aluminum, titanium, chromium, tungsten, manganese, 
and iron.^' According to the data in Table 16 , the order of aluminum 
and titanium should be reversed, since TiN dissociates at much higher 
temperatures than AIN. 

11. PARABOLIC LAW OF RATES OF OXIDATION 

To the experimenter in vacuum technique the presence of oxides on 
metal surfaces or in solution in the metals is of importance because these 
oxides not only adsorb large volumes of oxygen and other gases but also 
decompose more or less gradually at higher temperatures. It is there- 
fore of interest to review the observations that have been made on rates 
of formation of oxide layers as affected by the nature of the metal, 
pressure of oxygen, and temperature.^^ 

One of the earliest and most important investigations in this field was 
carried out by N. B. Pilling and R. E. Bedworth.*^® They pointed out 
that the behavior of a metal with respect to oxidation is controlled by 

In German publications these phenomena are designated ^^Anl^ufvorg&nge,'’ 
that is, '^tarnishing reactions.” 

J. Intt. MeUds, 29 , 629 (1923); J. Ind. Eng. Chem,, 17, 372 (1926). 
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the porosity of the oxide formed. The porosity depends upon the 
value of the ratio 


a = 



( 1 ) 


where Fo = atomic volume of metal (= atomic weight/density). 

Vm = molar volume of oxide (= molar weight/density), 
n = number of metal atoms per molecule of oxide. 

If a is less than 1, the oxide is physically discontinuous. It forms a 
porous layer through which oxygen permeates very readily. For a > 1, 
the oxide forms as a homogeneous layer and the rate of oxidation de- 
pends upon diffusion through this layer. For the oxides of Li, Na, K, 
Rb, Cs, Ca, Ba, Sr, and Mg, a is less than 1; for all other oxides a is 
greater than 1. 

Oxides of porous structure offer no resistance to the passage of oxygen 
to the surface of the metal, and as a result the rate of growth of the layer 
of oxide is constant at any given temperature. Denoting the increase 
in weight per unit area by W, the linear law states that, for a given 
temperature, 

W = hi, (2) 

where t = time elapsed, and ki is a constant. 

As shown by Pilling and Bedworth the oxidation of calcium obeys 
this law. The values of ki observed for the oxidation in air at three 
different temperatures were as follows: 


rc 

(g • cm 

• hr 

300 

3.12- 

10-^ 

400 

6.84* 

io-‘ 

600 

1.90- 

i(r» 


In the case of magnesium (a = 0.84), the value observed for ki (in the 
same units) was 5.2 • 10“* at 500° C. However, they reported diffi- 
culties in obtaining reproducible results because of the evaporation of 
the metal. More recently E. A. Gulbransen^^ has described the results 
of experiments at temperatures of 400° C to 500° C and at pressures of 
0.2 to 20 6m. of oxygen. Using a vacuum microbalance technique it 
was observed that, at 474° C and higher, the oxidation rate followed a 
linear law. At temperatures of 450° C and lower, protective coatings 
were formed, but after an “induction period” the oxidation followed a 
linear law. The observed rates of oxidation (in terms of g • cm"^ • hr“^) 
were as follows: 

Tram. Blectrochem. Soc,, 87 , 689 (1946). 
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500° 

O 2 pressure 20 cm 

7.20 • 10“® 

475 

O 2 pressure 20 cm 

6.84 • 10-» 

475 

O 2 pressure 2 cm 

2.88 • i(r« 


Over the range 425° C to 500° C, it was observed that a plot of log 
hi versus 1/T is linear, thus indicating an activation energy for the 
oxidation. 

For metals for which the oxide coating is compact (a > 1), the rate 
of oxidation depends on the rate of diffusion of oxygen through the layer 
already formed. Hence, the relation between W and t should be of the 
form^^ 

= k2t, (3) 

where k 2 is a constant for any given temperature. This relation, known 
as the parabolic laWj was first observed by G. Tammann^^ and was con- 
firmed by the observations made by Pilling and Bedworth on rates of 
oxidation of copper, nickel, and iron, which are summarized in Table 19. 

The table gives values of ^2 in terms of (g • cm”^)^ hr~^. The copper 
was soft electrolytic sheet and wire; both pure electrolytic and ‘^Grade 
A'' nickel were used, and electrolytic iron as well as Armco. The oxida- 
tion of copper was carried out in oxygen at 710 mm, and in air (oxygen 
pressure = 155 mm); for nickel, oxygen at 710 mm was used for both 
samples, and for iron, oxygen at 710 mm was used to obtain the data 
shown in the sixth and seventh columns, while the last column gives 
data for the oxidation of armco in air. 

From plots of log ^2 versus l/T, the values of the activation energy, 
Eaj were calculated, which are given in the lowest row of Table 19. 

Combining this result with equation 3 it follows that the rate of oxida- 
tion of copper in air is given by the relation 

log W = 1.0821 + 0.5 log t - ^ > (4) 

where W = gain in weight, in g • cm~*, after t minutes at the tempera- 
ture T° K. 

As will be observed the value of k 2 at any given temperature is highest 
for iron and lowest for nickel. This is in accord with the general ob- 
servation that the rate of oxidation of nickel is very low compared with 
that of copper or iron.' (For this reason nickel is a very much more 
satisfactory metal for use in vacuum tubes than either of the other 
metals.) 

A detailed discussion of the derivation of this equation is given by K. Heindl- 
hofer and B. M. Larsen, Trans. Am. Soc. Steel Treating, 21, 865 (1933). 

” Z. anorg. Chem., Ill, 78 (1920). 
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The proximate compositions of the oxide layers were found to be as 
follows: 


Copper: 98,1 per cent CU 2 O + 1.9 per cent CuO. 

Nickel: 90.3 per cent NiO + 9.7 per cent Ni 304 . 

Iron: 48.2 per cent FeO + 51.8 per cent Fe 304 . 

Iron: 60.2 per cent FeO -h 39.8 per cent Fe804. 

Evidently these results are in agreement with the conclusions regard- 
ing the formation of these oxides which have been stated in sections 4 
and 5. 

E. M. Wise^^ has stated that ^^nickel does not oxidize appreciably in 
air until a temperature of 400® C to 500® C is reached and even then the 
oxidation is slow and the oxide is adherent and protective/' In fact, 
the data in Table 19 show that at 900® C to 1000® C the rate constant for 
iron is about 1000 times that for nickel. 

The effect of pressure of oxygen on the value of /c 2 for copper is shown 
by a comparison of the data for Pmm (O 2 ) = 710 and Pmm (O 2 ) = 155, 
in the second and third columns in Table 19. The effect of further de- 
crease in pressure is shown by the data in Table 20. 

TABLE 20 

Effect of Oxygen Pressure on the Value of the Rate Constant, 
k 2 y FOR Copper at 800° C 

710 165 19.7 2.60 1.07 0.24 0.24 0.070 

10^ifc2 : 3.22 2.70 2.10 2.08 1.90 0.91 0.69 (0.006) 

Evidently, the value of k 2 decreases only slowly with decrease in 
pressure until the pressure is decreased to 1 mm or less, which indicates 
that the rate of oxidation is not limited (except at very low pressure) by 
the rate at which molecules of oxygen strike the surface but rather by a 
diffusion process in the oxide layer. 

The validity of the parabolic law was also confirmed by the observa- 
tions made by J. S. Dunn^® on the oxidation of copper and brass in the 
ranges 580-880® C and 209-284® C. The value observed for the acti- 
vation energy was about 40,000 calories, which agrees with that derived 
from the measurements made by the previous investigators. 

Similar results have been obtained by different investigators for a 
number of oxidations, such as the following:^® cobalt and tungsten, in 

^ Proc, Inst, Radio Engrs., 26, 714 (1937). 

Proc. Roy, Soc, Landm, A, 111, 203, 210 (1926). 

Review of Oxidation and Scaling of Heated Solid Metals^ Department of Scientific 
and Industrial Research, London, 1935. 
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the range 700-1000° C, and chrome metal (98 per cent chromium) at 
1000° C. 

In connection with his investigation on the oxidation of magnesium, 
Gulbransen^® observed that the rate of oxidation of aluminum at 475° C 
and 6 mm O 2 also follows the parabolic relation. 

The rate of oxidation of iron and some of its alloys has been investi- 
gated by K. Heindlhofer and B. M. Larsen.®^ The results for specimens 
of commercially pure iron in air, over the range 550-1100° C, were in 
agreement with the parabolic law, and all the observations could be 
represented as a function of the time, t (in minutes), and the absolute 
temperature, T, by a relation, similar to equation 4, of the form 

log W = 0.7993 + 0.5 log t - ^ . (5) 

From this relation it follows that, for T = 1000 and t = 100 minutes, 
W = 7. S • lO”^, whereas it follows from equation 4 that, for the same 
values of T and tj the gain in weight of copper is IF = 3.0 • 10“^ g • cm~^, 
which is in agreement with the observations in Table 19. 

The same investigators also observed that the rates of oxidation were 
substantially the same in carbon dioxide, steam, and oxygen as in air. 

With regard to the composition of the oxide formed, it would be ex- 
pected, from the conclusions regarding the conditions for the forma- 
tion of the oxides of iron stated in section 5, that with increasing oxy- 
gen content the order of formation would be FeO for thin films, fol- 
lowed by Fe 304 for thicker films, and finally some Fe 203 at the outer 
surface of the oxide layer. 

In their paper, Heindlhofer and Larsen have shown a phase diagram, 
based largely on the work of L. B. Pfeil,®^ for the Fe-0 system which is 
reproduced in Fig. 7, with the following remarks: 

Below the equilibrium diagram is placed a photomicrograph of a section through 
the scale layer formed on pure iron at about 1050® C (1925® F); it shows three 
distinct layers — a thin Fe 203 skin on the right, then a layer of Fe 304 , and a much 
thicker layer of FeO in which a decreasing amount of dissolved Fe804 has separated 
in cooling as we move toward the extreme left, where the scale was originally in 
contact with the metal. Since the scale, formed as it is by a diffusion process, can 
contain only those mixtures of iron and oxygen which form homogeneous single- 
phase solutions at the scaling temperature (1050® C in this example) the composition 
at the several boundaries in the scale should correspond with those represented by the 
intersection of a horizontal at 1050® C with the several lines of the FeO diagram. 
The curves given in Fig. 7 then represent qualitatively the course of decreasing oxygen 

Loc. cit. 

Loc. cit. 

J. Iron Steel Inst. London, 119, 501 (1929); 128, 237 (1931). 



Sec. 11] PARABOLIC LAW OF RATES OF OXIDATION 


wUniii 


S 1000 

s 

I 80 


HRiai^im 


78 77 76 75 74 73 72 71 '79\ 

Per cent iron \ 




^ s 




: 






T « 




1 










..ft 




Fig. 7. Fe-0 diagram according to Pfeil (modified by Heindlhofer and Larsen). 
Upper part gives the equilibrium diagram, and below is shown a photomicrograph 
of a section through the scale layer formed by oxidation. The dotted lines are drawn 
from the different layers in the scale to the equilibrium diagram. The lower curve 
represents qualitatively the course of decreasing oxygen content between outside 
and inside of the scale shown in the photograph. 
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content between outside and inside of the scale. Since the scale on pure iron (or 
carbon steel) contains nothing but iron and oxygen the iron content rises in propor- 
tion to the drop in o^xygen content. The outside scale surface should be pure Fe203, 
containing 69.9 per cent iron, which can dissolve Fe304 (or extra iron atoms, which 
amounts to the same thing) up to about 70.4 per cent iron. There is, at the Fe203- 
Fe304 boundary, a sharp rise in iron content to about 72.3 per cent iron; a gradual 
rise through the Fe304 layer to around 72.6 per cent iroh; another sudden rise at the 
Fe304-Fe0 boundary to 75.6 per cent iron which represents FeO saturated with 
oxygen; finally a gradual rise to 76.9 per cent iron, which is the composition of FeO, 
containing a little extra oxygen in solution, that is in equilibrium with iron at 1050° C. 
This inner FeO layer consists of one phase while at the temperature of scaling, but 
on cooling the solubility of the excess oxygen decreiises with the consequent separa- 
tion of crystals of magnetite which constitute the bright areas in this layer in the 
picture of Fig. 7. 

Now, imagine a surface of iron exposed instantly to air at, say, 1050° C (1925° F). 
The first small amount of oxygen combining with the iron dissolves in the surface 
layer, but almost immediately a layer of FeO forms which grows by taking up more 
oxygen at its outside, and iron at its inside, surface. As this FeO layer grows thicker, 
oxygen diffuses in more slowly from the surface in contact with the atmosphere, and 
the oxygen concentration at the surface rises to the saturation value for oxygen in 
FeO. A layer of Fe304 then begins to form, which (always assuming that excess 
oxygen at a pressure above that of the dissociation pressure of Fe203 is supplied to 
the surface) becomes saturated with oxygen at its outside surface, where it oxidizes 
further to form a skin of Fe203. As soon as this outer skin has absorbed oxygen up 
to saturation the complete series of possible scale layers is formed and from this time 
on the boundary conditions in the scale are practically fixed at 69.9 per cent iron at 
the outside, and about 76.9 per cent iron at the inside, surface of the scale. 

These remarks are in accord with the deductions regarding values of 
the oxygen pressure in Tables 7 and 8 above. From these tables it is 
observed that the values of the pressure of oxygen for the different reac- 
tions for T = 1200° K are as follows: 

FeO: Fe, 7.1 • 10"^^ mm (corresponding to AFi), 

Fe 304 : FeO, 1.9 • lO”^^ mm (corresponding to AF 2 ), 

and 

Fe 203 : Fe 304 , 4.6 • 10“^^ mm (corresponding to AF3), 

From equation 1.11, which relates the value of P (O 2 ) with that of AF, 
it follows that 


~AFi > ~AF2 > -AFs; 

that is, the stability of the oxides decreases as we pass from FeO to 

^6304. 

With regard to alloys of iron, Heindlhofer and Larsen state that 

Nickel up to 35 per cent or aluminum up to around 5 to 7 per cent reduces scaling 
only moderately, to perhaps around one-half to one-third of the amount for pure iron, 
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with the square root of time relationship approximately followed. Aluminum above 
12 to 14 per cent cuts the scaling rate down to a magnitude of Koo of that for pure 
iron, and a 27 per cent chromium-iron alloy is nearly as effectively protected against 
scale growth at temperatures up to above 1200° C as these high-aluminum alloys. 

E. A. Gulbransen®^ has also studied the rate of oxidation of iron by 
means of a vacuum microbalance which he devised for this purpose and 
which had a sensitivity of about 1 • 10~® g. The observations were 
carried out in the range 25° C to 400° C and at pressures of oxygen 
varying from about 8 mm to about 15 cm. In agreement with other 
investigators, Gulbransen found that the rate was not affected to any 
considerable extent over this range of pressures. He did, however, 
observe that the rate of oxidation could be represented more satisfac- 
torily by a modification of equation 3 of the form 

- k2t + fcg, (6) 

where ks is a constant which corresponds to a very rapid initial oxida- 
tion that precedes the diffusion process. 

The samples of iron (99.95 per cent Fe) used by Gulbransen had a 
thickness of 0.13 mm and total surface area of 14.5 cm^, were annealed 
in hydrogen at 875° C, placed in a chamber which could be evacuated to 
10"*® mm, and degassed at 700° C before oxygen was admitted at the 
desired pressure. 

The initial gain in weight (in 10“® g • cm““^) for < = 0 (approxi- 
mately) was observed to increase with temperature of oxidation as 
follows: 


25° C 

2-3 

100 

4r-6 

200 

10 

300 

20-40 

400 

60-100 


These values are approximate, and the lowest value for any given 
temperature corresponds, in most cases, to that observed at 8.0 mm, 
while the higher value was observed at 8.2 or 16.2 cm pressure (air at 
1 atm). 

After this preliminary oxidation the 'rate of oxidation was observed 
to follow the parabolic law, in accordance with equation 6. 

With regard to the oxidation at 25° C, Gulbransen makes the follow- 
ing remarks: 

The experiments add further evidence to the large body of knowledge concerning 
the presence of oxygen films on metals at room temperature. The films form very 
rapidly on clean and degassed surfaces with only slight increase in weight after the 

** Tram, Ekctrochem, Soc,^ 81, 327 (1942). 
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first few minutes of oxidation. The films appear stable to evacuation (to 10 ® mm) 
and further addition of oxygen at 25° C. 

Assuming that the adsorption is due to the beginning of a Fe304 
lattice, the film thickness formed after 6 minutes^ oxidation at room 
temperature is between 2 A and 15 A thick. 

Using the microbalance technique, Gulbransen has studied the forma- 
tion and stability of oxide films on iron, stainless steel, and chrome iron.®^ 

The equilibrium oxygen pressure over Fe203 (solid) and Cr203 (solid) 
as calculated by him are shown in Fig. 3, while Fig. 4 shows values of the 
equilibrium pressure ratio (H20)/(H2) over these oxides.^^ As Gul- 
bransen points out. 

It is of interest to note that at temperatures below 1000° C the oxides are stable to 
the best vacua obtainable today. Also, the reaction of water vapor with chromium 
is favorable over the complete temperature range, but with iron, only at low tem- 
peratures. The reduction of FeoOs (solid) is feasible even at low temperatures. 
Cr 203 (solid) reduction is extremely unfavorable except at the highest temperatures. 

These remarks are in accord with the conclusions stated in sections 5 
and 7 above. 

Some of the observations made in this investigation are the following: 

A film formed at room temperature in oxygen at 0.76 micron, cor- 
responding to an oxygen gain of 0.22 • lO”"® g • cm“^ (theoretical thick- 
ness of 15 A), was found to be stable to a vacuum of 5 • 10“^ micron and 
to a temperature of 600° C. This film was readily reduced by hydrogen 
at 600° C. 

Films formed on iron at 800° C and at pressures as low as 3.5 microns 
and 0.25 micron oxygen were observed to be stable to pressures as low 
as 5 • 10“~^ micron. 

Even in a vacuum of 5 • 10“^ micron a sample of high-chrome iron was 
observed to increase in weight when heated at 600° C, thus confirming 
the conclusion, based on free-energy considerations, of the stability of 
Cr203. In fact it is extremely difficult to obtain a good enough vacuum 
in which chromium will not oxidize. 

Plots of versus I for the oxidation of pure iron (at 300° C), chrome 
iron, and stainless steel (at 650° C) showed that the oxidation rates 
approach the parabolic law after an initial period, in accordance with 
equation 6. 

In a still more recent paper®® Gulbransen has discussed his observa- 

Trans. Electrochem. Soc., 82, 375 (1942). This paper gives a bibliography of 
papers dealing with the different methods that have been used to investigate the 
thickness and structure of adsorbed oxygen films on metals. 

These plots correspond to the data in Tables 8 and 11, respectively. 

Trans. Electrochem. Soc.y 83, 301 (1943). 
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tion on rates of oxidation from the point of view of the transition state 
theory of reaction rates developed by H. Eyring and associates.®^ This 
theory leads to the following relation for the rate constant: 

A Sf ET 

log h = log (koT) + 2 log X - — - (7) 



Time in minutes 


Fig. 8. Illustrating parabolic law for oxidation of pure electrolytic iron (Gulbransen). 


where Uq = h/h (k = Boltzmann constant, h = Planck constant), X 
denotes a length of the order of interatomic distances, AS = change in 
entropy, and Ea = activation energy. Thus fcoX^T has the dimensions 
of a diffusion constant (D). 

Rates of oxidation were determined at a series of temperatures and 
76 mm of oxygen for samples of pure electrolytic iron, stainless steel, and 
copper. Figures 8 and 9 show parabolic plots of {W expressed in 
10® g • cm“^) versug t for electrolytic iron and stainless steel, respec- 
tively. From these plots, the values of k 2 , Ea (cal/mole) AS (cal/® C), 
were calculated that are shown in Table 21. The values of AS were 
calculated by means of values of D = ko\^, which were derived by 
application of certain theoretical relations deduced by N. F. Mott.®® 
The values of D are given in the last column of the table. 

” See the treatise by S. Glasstone, K. J. Laidler, and H. Eyring, The Theory of 
Rate Proceeeee, McGraw-Hill Book Company, New York, 1941. 

** Trane. Faraday Soc., 86, 472 (1940). 
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It will be observed that in these experiments the values of the tempera- 
ture for comparable values of fc2 were lowest for copper, much higher for 
iron, and still higher for stainless steel, thus indicating that the last metal 
is less readily oxidized than iron and this in turn is far less readily 
oxidized than copper. 



Fig. 9. Illustrating parabolic law for oxidation of stainless steel (Gulbransen). 

The interesting feature in these data, from a theoretical point of view, 
is the negative value for the entropy change. This would seem to indi- 
cate that oxidation is accompanied by a more ordered arrangement in 
the system. In this respect, these results are similar to those observed 

TABLE 21 


Rate Constants, Activation Energies, Entropies, and Diffusion Constants 
FOR Oxidation of Metai..s 


Metal 

Pmm ( O2 ) 

r C 

10 i ® fc 2 

Ea 

AS 

D (cm2 

• sec 

Iron 

76 

350 

2.63 

22,600 

- 31.2 

3 . 70 - 

io-» 



400 

8.98 

22,600 

- 31.6 

3 . 35 - 

i(r* 



450 

33.4 

22,600 

- 31.6 

3 . 66 - 

i(r» 

Stainless steel 

76 

550 

0.55 

29,600 

- 35.2 

0 . 66 * 

10 “® 



600 

1.7 

29,600 

- 35.6 

0 . 68 * 

lo-o 



650 

3.52 

29,600 

- 35.6 

0 . 60 * 

i(r*' 

Copper 

152 

139 

2.86 

24,900 

- 6.6 

4 . 65 - 

10 -^ 

(preliminary) 


169 

23.4 

24,900 

- 6.8 

5 . 44 - 

10“^ 


for the sign of AS in experiments by the writer on creep in metals.®® 
J. Applied Phys.f 16, 108 ( 1944 ). 
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The oxidation of iron at high temperatures by CO 2 , NO, SO 2 , O 2 , and 
water vapor has been investigated by K. Fischbeck, L. Neundenbel, and 
F. Salzer.^® Only for oxidation by moist carbon dioxide was the para- 
bolic relation confirmed. In the other reactions secondary effects led to 
deviations from this relation. Plots of log {dW/dt) versus l/T for the 
initial rates of oxidation were observed to be linear for the a-iron range 
of temperatures, with an abrupt decrease in the a -7 range. 

Stainless steels^ ^ are especially oxidation-resistant alloys containing 
from 3.75 to 28 per cent chromium; some of the high-chromium alloys 
contain, in addition, from 6.00 to 25.00 per cent nickel. 

The high-temperature oxidation of two such alloys has been investi- 
gated by H. M. McCullough.®^ The alloys, designated as types 304 
and 410, have the following chemical compositions: 


Per Cent 

Type 304 

Type 410 

Carbon 

0.037 

0.081 

Manganese 

1.23 

0.43 

Phosphorus 

0.019 

0.013 

Sulfur 

0.010 

0.012 

Silicon 

0.45 

0.38 

Nickel 

9.01 

— 

Chromium 

18.19 

12.70 


Figure 10 shows plots of oxidation tests at 1800° F (982° C) and vari- 
able oxygen concentrations. The ordinates, W, correspond to the total 
weight gain in grams/square inch in 6 hours, and the abscissas, C, cor- 
respond to the per cent oxygen concentration. It is of interest to ob- 
serve that these data can be represented by the empirical relations: 

W = for type 410, 

and 

IF = Jfc'C® for type 304, where k' is a constant. 

Also a plot of log W versus l/T yields a straight line, thus indicating 
that the amount of oxidation increases with temperature in a manner 
similar to that expressed in equation 4 above. This plot shows that 

Z. Elektrochem.f 40 , 517 (1934). 

See discussion of these alloys by O. K. Parmiter in Metals Handbook, 1939 
Edition, pp. 533-543. 

^ Engineering Experiment Station News, 19 , No. 5, p. 38 (1947). This preliminary 
report of the results obtained has been supplemented by information in a private 
communication for which the writer is indebted to Mr. McCullough, who has carried 
out this investigation as a Research Fellow, under the direction of Dr. M. G. Fontana, 
on a contract between the Office of Naval Research and the Ohio State Research 
Foundation. 
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‘‘both steels could be used in an oxygen atmosphere up to 20 per cent and 
1600® F (871® C) satisfactorily.’^ 

In view of the results obtained by Heindlhofer and Larsen, which were 
discussed above, it is of interest to describe some of the observations 
reported by McCullough on the nature of the oxidation layer. 

The properties [he states] of oxides formed in a low oxygen concentration are much 
different than those formed in a high oxygen concentration. Specimens which were 
treated for 2 hr in a 2 per cent oxygen atmosphere followed by a treatment for 6 hr 



0 20 40 60 80 100 

C 

Fig. 10. Oxidation tests on t 3 q}es 304 and 410 stainless steel at 982® C. Weight 
increase in grams /sq in. in 6 hours (W) plotted versus per cent oxygen concentra- 
tion (C) (McCullough). 

in a 20 per cent oxygen atmosphere showed a smaller weight gain for the over-all 
8-hr period than the specimens treated for 6 hr in the straight 20 per cent oxygen 
atmosphere. This smaller weight gain indicates that at the lower concentrations a 
more compact protective oxide is formed which resists the more severe attack at 
higher concentrations. 

Type 410 specimens were heated at 1149® C in 3, 20, and 95 per cent 
oxygen atmospheres for 6 hr to produce heavy oxide layers which could 
be separated from the metal. Table 22 shows a chemical analysis of the 
layers formed, at each concentration of oxygen, by this treatment. 

This chemical analysis shows that the compact protective oxide formed at the low 
oxygen concentrations is of the chrome spinel type and the porous unprotective oxide 
formed at the high oxygen concentrations is more of the Fe 203 type. . . . These tests 
demonstrate that chromium in this type of st^l is the main benefactor in the resist- 
ance to high-temperature oxidation. 
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TABLE 22 


Chemical Analysis of Layers Formed on Type 310 at 2100® F (1149® C) 

Outside Layer Inside Layer 

Oxygen Concentration (%) Oxygen Concentration (%) 


Composition 

3.0 

20.0 

95.0 

3.0 

20.0 

96.0 

Metallic iron 

0.13 

0.26 

0.16 

0.48 

0.38 

0.31 

FeO 

Fe 203 

75.83 

78.16 

77.76 

1.31 

12.38 

6.36 

3.01 

0.74 

,8.83 

Fe 304 

Fe 0 ‘Cr 203 

3.78 

16.62 

0.93 

19.31 

19.48 

1.86 

84.74 

91.00 

87.25 


12. LOGARITHMIC LAW OF RATES OF OXIDATION 

In 1922, G. Tammann^^ proposed a relation for rate of oxidation of 
the form 


W^ = fc4log(a^+l), (1) 

where ^4 and a are constants for any given temperature. 

This relation has been found to be in agreement with observations 
on the oxidation of zinc by W. H. J. Vernon, E. I. Akeroyd, and 
E. G. Stroud. The experiments were carried out with samples of very 
pure metal (99.947 per cent zinc) in air, over the range 25-400® C. 
The specimens used were in the hard (as-rolled) and annealed con- 
ditions, and were furthermore given an abrasion treatment or etched. 

Figure 11 shows ^‘straight plots” {W versus t) of experiments with 
abraded specimens in either annealed or as-rolled conditions. In these 
plots W denotes the increase in weight in milligrams per 100 cm? during 
the period t in hours. 

From the form of equation 1 it is seen that, for » 1, this equation 
approximates the relation 

IT = fcs log a + log L ( 2 ) 

Hence a plot of W versus log t should become linear for large values of t 
Such linear plots were actually obtained for the observed values of>TF, 
whereas the plots of versus t were parabolic instead of linear. From 
the plots of W versus log t it was possible to derive values of a and fcs, 
and Fig. 12 shows a series of plots of W versus log {at + 1 ), thus deduced, 
for abraded specimens, in the range 275® C to 400® C, and for comparison 
the experimentally observed points. 

anorg, Chem., 124 , 26 (1922), 169 , 42 (1928); Tammann and W. K5ster, 
Z. anorg. Chem,^ 123 , 196 (1922). 

8^ /. Inst Metals, 66, 301 (1939). 
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For temperatures above 225® C, the logarithmic law was found to be 
in very good agreement with the experimentally observed values of W 
and t; for temperatures below 225® C, the agreement was not so good. 

Regarding the effects of temperature and of surface conditions, the 
investigators have made the following statement: 



Fig. 11. Plots of weight increase in milligrams per 100 cm^ (W) versus time in 
hours (0 for oxidation of abraded specimens of pure zinc. Curves A at 25® C to 
225° C; curves B at 225® C to 400® C. (Points refer indiscriminately to specimens 
in either annealed or as-rolled conditions) (Vernon, Akeroyd, and Stroud.) 


The relationship between oxidation and temperature above 225° C is represented 
by the equation: 


dlnW _ Q 
dT ~ R^T^’ 


a straight line (of identical slope and differing only slightly quantitatively for etched 
and abraded specimens) being obtained when logarithms of weight increments after 
an arbitrary time are plotted against reciprocals of absolute temperature. Below 
225® C the relationship depends remarkably upon surface conditions, 

A theory to account for both the logarithmic law and the parabolic 
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law has been suggested by N. F. Mott.®® Since this theory is intimately 
related to that of Wagner, it will be duscussed in the following section. 

A. L. Dighton and H. A. Miley®® found that in the oxidation of abraded 
copper surfaces in the range 180° C to 288° C the rate follows the para- 
bolic law until a certain thickness (varying from 3000 A to 9000 A is 
built up and then changes to the logarithmic law. 
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Fig. 12. Plots of W versus log (ai + l) for observations plotted in curves B in 
Fig. 11. Straight lines correspond to the equation W = A; log (a^ -f 1). Plotted 
points are experimental values (Vernon, Akeroyd, and Stroud). 

A. H. White and L. H, Germer®^ used electron diffraction technique 
to measure the rate of oxidation of thin copper films in pure dry oxygen 
at room temperature and 20 mm pressure. They found that the thick- 
ness (x) of the oxide coating increases according to the logarithmic 
equation 

x = 4 + 6.5 log tj (4) 

where t is measured in minutes and is greater than 2, and x is measured 
in angstrom units. This leads to a limiting thickness of about 50 A in 
one year. 

According to B. Lustman,®® who has reviewed the experimental 
results obtained by different investigators on rates of formation of thin 
oxide films, and has compared these with results on rate of growth of 
thick films, the two processes of film formation are ‘‘essentially different 

Trans, Faraday Soc.^ 36, 472 (1940). 

Trans. Electrockem, Soc.y 81, 321 (1942). 

Trans. Ekdrochem. Soc.^ 81, 305 (1942). 

Trans. Eledrochem. Soc.^ 81, 359 (1942). 
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with respect to time and temperature effect on rate of formation.’^ As 
is evident from the previous remarks in this section, the logarithmic law 
applies to some cases and the parabolic law to others. Lustman has 
suggested that probably a diffusional mechanism alone does not control 
the rate of growth of thick films. 

On the other hand, according to U. R. Evans,'®® 

The logarithmic law occurs when the conditions needed for parabolic thickening are 
absent (e.g., on zinc), and is believed to be due to the outward passage of interstitial 
matter through flaw paths or zones of loose structure in the outer part of the oxide 
film; the actual rate of passage along a given path is regulated by the rate of crossing 
a less pervious inner film of constant thickness and is independent of the thickness of 
the outer film. If such an obstruction occurs, however, passage along the path in 
question becomes impossible, and clearly the chance of obstruction of a given path 
will increase with the film thickness. It can be shown that the growth rate will fall 
off with film thickness in accordance with the logarithmic law. 

Where a film, like that on aluminum, possesses a highly protective character (con- 
nected with its ideal composition and high electrical resistance), the formation of 
discrete cracks becomes an important factor in film growth. Such cracking occurs in 
films on other metals. 

13. IONIC THEORY OF RATES OF OXIDATION 

In all the preceding discussion it has been assumed that rate of oxida- 
tion is controlled by rate of diffusion of molecules of the oxidizing 
atmosphere through the oxide layer. C. Wagner^®® has given a quanti- 
tative explanation of the rate of growth of oxide films in which it is 
shown that the governing factor is the mobility of 'positively charged ions 
(such as Cu"^, Fe+, etc.) through the film lattice towards the oxide-gas 
surface 

On the basis of this theory, C. Wagner and K. Grunewald^®^ deduced 
an equation for the rate of oxidation, which is a modification of equation 
11.3 and has the form 


Furthermore according to Wagner the constant ^2 in this equation may 
be calculated from the transport numbers of the ions and electrons, the 
electrical conductivity, and the free energy of formation of the oxide. 

Trans, Electrochem. Soc.j 83, 335 (1943). 

Z, physik. Chem,^ B, 21, 25 (1933), and subsequent papers in the same journal 
by Wagner and coworkers. 

Reviews of Wagner's theory are contained in the following publications: 
W. Jost, Diffusion und chemische Reaktion in festen Stoffen^ Theodor Steinkopff, 
Dresden and Leipzig, 1937; T. P, Hoar and L. E. Price, Trans. Faraday Soc.^ 34, 
867 (1938); L. E. Price, Chem. Ind., 66, 796 (1937); N. F. Mott and R. W. Gurney, 
Electronic Processes in Ionic Crystals^ Clarendon Press, Oxford, 1940, Chapter VIII. 

z, physik. Chem., B, 40, 455 (1938). 
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The mechanism of the reactions involved in the oxidation of copper to 
CU 2 O may best be understood by means of the following quotation from 
a paper by Wagner and H. Hammen.^^^ 

An oxygen molecule from the gas phase combines with four electrons from inside 
the CU2O phase, to form two oxygen ions ( 0 “) at the surface. Simultaneously four 
copper ions (Cu'*') migrate to the surface from the oxide phase and these metal ions 
combine with the oxygen ions to form an extension, towards the outride, of the CU2O 
lattice. Thus for every oxygen molecule taken up we find four vacancies previously 
occupied by Cu"** ions and four other vacancies previously occupied by electrons. 

Let US designate a Cu“^ ion vacancy by Cxxv^ and a place in the 
lattice occupied by a Cu"*” ion by and similarly, by er and 

Cv"”, spaces filled by electrons and vacated by electrons, respectively. 
Then the reaction which occurs in the oxidation of copper may be writ- 
ten in the symbolic form 

O 2 (g) + 46r = 20r + 4Cu^+ + 

Evidently the concentrations (designated in the following remarks by 
square brackets) of ions and electrons must be equal. Denoting these 
by [y]f it follows from the mass law that 

[y]^ = constant P ; 

that is, 

[y] = KP^, (2) 

where P denotes the pressure of oxygen in the gas phase. 

This relation gives an interpretation of the observation that the 
electrical conductivity of CU 2 O actually varies as the seventh root of the 
pressure, and indicates that in the CU 2 O lattice there is a deficiency in 
Cu+ ions as compared with the stoichiometric formula; that is, there is 
an excess of oxygen in the lattice. Since the concentration of vacancies 
[Cut,+] increases with the pressure, it also follows that in the CU 2 O lattice 
[Cuv"*"] is greatest at the oxide-gas surface and least at the metal-oxide 
interface. As a result there is a migration of vacancies from the out- 
side to the surface of the metal, or, what is equivalent, a migration of 
Cu+ from the metal outwards to the oxide-gas boundary. Furthermore 
the rate of migration must increase with the pressure. 

A calculation by Wagner and Grunewald^^^ of the rate constant, k 2 i 
shows that, in the range of pressures of oxygen 0.228 to 63.1 mm of 
mercury, the calculated value is in reasonably good agreement with that 
observed. 

In the case of zinc oxide, the electrical conductivity decreases with in- 

Z. physik, Chem,, B, 40, 197 (1938). 

Loc, cU, 



854 DISSOCIATION PRESSURES, OXIDATION RATES [Chap. 12 

crease in pressure of oxygen. This indicates that, in the ZnO lattice, 
there is a deficiency of oxygen ionSy or excess, over the stoichiometric 
relation, of Zn"^"^ ions. Consequently the concentration of Zn^^ ions 
is lowest at the surface oxide-gas, and highest at the surface metal-oxide. 
Increasing the pressure of oxygen while depressing the concentration of 
Zn"*”^ at the outer surface of the oxide cannot seriously affect the con- 
centration gradient of Zn'^+ ions through the film. Hence it would 
be expected that the constant ^2 would not be altered sensibly by varying 
the pressure of oxygen. Wagner and Griinewald actually observed that 
a fiftyfold decrease in pressure had no effect on the rate of oxidation. 

The oxidation of nickel to NiO is similar to that of copper to CU2O. 
The conductivity increases with increase in pressure of oxygen, and 
Wagner and Griinewald calculated that the rate constant k2 should vary 
as Observations by the same investigators showed an increase in 
^2 with pressure which was, at least qualitatively, in agreement with this 
conclusion. 

Experimental evidence for the actual motion of metal ions towards 
the gas-oxide surface has been obtained by L. B. Pfeil^^^ in the oxidation 
of iron and by Wagner^®® in the formation of Ag2S. 

For continuous growth of the oxide film it is necessary that electrons 
as well as metal ions shall pass through the oxide to the outer surface. 
N. F. Mott^^^ has discussed the different mechanisms by which the 
electrons can be transmitted into and through the oxide layer. The 
rate of migration depends upon the ratio between the ‘Vork function” 
for emission of electrons, 0 , from the metal and the energy E required to 
bring a positive ion from the metal to an interstitial position in the oxide. 

Mott has shown that, for <t> > Ey the rate of growth of the film should 
follow a logarithmic law, while for 0 <£' the parabolic law should apply.^®® 

105 Iron Steel Inst.y LondoUy 119, 501 (1929); 123, 237 (1931). 

106 Z. physik. Chem., B, 21, 37 (1933). 

107 Trans. Faraday Soc.y 36, 472 (1940). 

10 ® The discussion in this section has touched only briefly on a topic which has 
received attention from a large number of investigators. Further references are to be 
found in a number of papers in Trans. Electrochem. Soc.y 81, 305-413 (1942), and in 
the different references cited above. 
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Absolute gauge for determination of 
vapor pressures, 276, 278 
Absorbent, definition of, 388 
Absorption, definition of, 388; see also 
Solubility 

Accommodation coefficient o, for con- 
densation, 20, 404, 442 
for adsorption, 442 

for clean-up of oxygen by tungsten, 674 
for thermal conduction, 51, 54, 55 
Activity, definition of, 765 
Activity coefficient, definition of, 765, 768 
Adatoms, average life of (n), 413 
definition of, 404 
Adsorbate, definition of, 388 
Adsorbents, measurement of surface of, 
by electrical method, 4^4 
by multimolecular adsorption, Jfid 
particle sizes of, 461 
sorption of, in relation to boiling point, 
389 

surface area of, 454, 455, 456, 459, 462, 
463, 464 

Adsorption, accommodation coefficient 
for, 442 

activated, on finely divided metals, 548 
application of potential theory to, 431 
characteristic curve for, 432 
definition of a for, 412 
definition of <r for, 412 
discontinuities in, 396 
heat of, 390; see also Heat of adsorption 
multimolecular, 434f 431 
of argon, krypton, neon on charcoal, 
399 

of carbon dioxide on wood charcoal, 393 
of gases, on charcoal, see Charcoal 
on glass, 413 
on ionic crystals, 450 
on mica, 413 

of hydrogen on tungsten powder, 395 
of nitrogen, carbon monoxide, and 
argon on silver, 394 


Adsorption, of nitrogen on coconut char- 
coal, 392 

of nitrogen on different catalysts, 428 
of nitrogen on mica, 409 
of nitrogen on steel, 398 
of oxygen, carbon monoxide, and car- 
bon dioxide on silica, 414 
on charcoal in relation to boiling point 
of adsorbent, 389 
physical, definition of, 387 
on finely divided metals, 647 
rate of, 451 

temperature variation of, 434 
units and conversion factors for 
amount adsorbed, 391 
values of a, for, 413, 438 
values of <ri, for, 413, 438 
values of n, for, 413 
van der Waals type of, 387 
Adsorption constants, values of, from 
isotherms, 399, 400, 408, 413 
Adsorption isobar, 390, 435 
Adsorption isostere, definition of, 390 
Williams’ relation for, 436 
Adsorption isotherm, definition of, 390 
equation for, of Armbruster-Austin, 
421 

of Brunauer-Emmett-Teller, 434 
of Euken-Polanyi, 431 
of Freundlich, 396 
of Henry, 401 
of Langmuir, 401 
of Magnus, 420 
of Palmer-Clark, 434 
of Patrick, 434 
of Tonks, 413 
of Wilkins, 419 
of Williams-Henry, 413 
of Zeise, 415, 422 
for dissociated molecules, 411 
for inhomogeneous surface, 410 
for multimolecular adsorption, 434i 
431 
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Adsorption isotherm, hyperbolic equa- 
tion for, 401 

parabolic equation for, 396 
summary of equations for, 424 
Adsorption potential, 431 
Air, boiling point of liquid, 786 
density of, at 1 atm, 19 
variation in pressure of, with height, 
15, 16 

Alkali metals, use of, as substitutes for 
liquid air, 216 

Alloys, constitution diagrams of, for 
bismuth-tin, 774 
for copper-zinc, 770 
for lead-cadmium, 774 
for lead-magnesium, 773 
for lead-zinc, 774 
for silver-gold, 773 
for zinc-aluminum, 776 
of copper-tin, solubility of hydrogen 
in, 564 

of iron-manganese, solubility of hydro- 
gen in, 567 

of iron-molybdenum, solubility of 
hydrogen in, 568 

of iron-nickel, solubility of hydrogen 
in, 561 

vapor pressures of, 764 
Alphatron gauge, 345 
Aluminum, effect of alloying elements on 
solubility of hydrogen in, 569 
solubility of hydrogen in, 569 
solubility of nitrogen in, 600 
Amalgams, use of, as high-vacuum cut- 
off, 217 

as substitutes for liquid air, 216 
Analcite, see Chabasite 
Analysis of gases in metals, methods of, 
648 

Atmosphere, unit of pressure, 4 
Avogadro constant N a from value of 
e, 8 

Avogadro’s law, 3 

6, coefficient of van der Waals, 41 
Baffles, design of, for oil-vapor pumps, 
24By 248 

Bar, unit of pressure, 4 
Batalum getter, 666, 668 
Beams, molecular, 26, 27 


Beryllium, vapor-pressure data for, 747, 
754 

Boltzmann constant kj 2, 3, 8, 15 
Brownian motions, theory of, 81 

Carbon, vap^r-pressure data for, 748, 753 
Carbon dioxide, vapor-pressure data for 
solid, 783, 784 

Carbon filament, reaction of, with 
oxygen, 682 

Carbon monoxide, clean-up of, by 
tungsten, 676 

diffusion of, through iron, 611 
reduction of oxides by, 824, 826 
Cathode drop, 688 

Cathodes, oxide-coated, slumping of, due 
to gas from gloss, 531 
Cellulose, heat of sorption of water 
vapor by, 544 

rate of desorption of water vapor from, 
544 

sorption and desorption isotherms for 
water vapor in, 539 
sorption and desorption phenomena 
in, 538 

thermal decomposition of, 545 
Cerium, solubility of hydrogen in, 574, 
586 

Chabasite, dehydrated, sorption by, 500 
in relation to molecular size of 
adsorbate, 504, 506 
sorption of argon, hydrogen, and 
nitrogen by, 503 

sorption of carbon dioxide, hydro- 
gen, and oxygen by, 503 
sorption of hydrocarbons by, 505 
Characteristic curve for adsorption, 432 
Charcoal, activated, chemisorption by, 
496 

isotherms for sorption of nitrogen 
by, 392 

porosity of, 471 
preparation of, 457 
purification of, 470 
sorption and desorption of water 
vapor for, 486, 487 
sorption by, at low pressures, 472, 
478, 479, 488 

sorption constants for adsorbates 
on, 478, 479 
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Charcoal, activated, sorption of air by, 
480 

sorption of ammonia by, 477 
sorption of argon by, 472, 474 
sorption of carbon dioxide by, 474, 
477, 489 

sorption of carbon monoxide by, 
474, 476, 490, 493 
sorption of ethylene by, 474, 475 
sorption of helium by, 474 
sorption of hydrogen by, 468, 472, 
477, 488, 490, 491, 492, 493, 496 
sorption of methane by, 475 
sorption of neon by, 492, 493 
sorption of nitrogen by, 472, 474, 
476, 477, 480, 487, 489, 490, 
491, 492, 493, 496 
sorption of oxygen by, 476, 480, 489 
sorption of rare gases by, 472 
structure of, 467 
surface area of, 479 
use of, in high-vacuum systems, 4^3 
isotherms for sorption of rare gases by, 
399 

sugar, sorption of oxygen by, 481 
sorption of water vapor by, 482 
wood, sorption of carbon dioxide by, 
393 

Charcoal trap, Anderson’s design of, 247 
Charles’ law, 3 

Chemical clean-up, by aluminum, 665 
by barium, 665, 667 
by batalum, 666, 668 
by calcium, 656 
by evaporated metals, 666^ 665 
by incandescent filaments, 673 
by KIC getter, 666, 668 
by magnesium, 656, 662, 665 
by misch n^etal, 665 
by sodium, 661 
by thorium and uranium, 665 
by zirconium and titanium, 670 
of gases, 664 

Chemical equilibria, free and total 
energy of, 793 
Chemisorption, 446 
by charcoal, 496 
of hydrogen by tungsten, 551 
of oxygen by tungsten, 551 
Chlorine, dissociation of, 679 


Chromium, rate of oxidation of, see 
Oxidation 

solubility of hydrogen in, 568 
Clausing’s factor X, 98, 99 
Clausius-Clapeyron relation, 795 
Clean-up, chemical, 664; see also Chemi- 
cal clean-up 

electrical, see Electrical clean-up 
of gases by palladium black, 696 
Cobalt, solubility of hydrogen in, 562 
solubility of oxygen in, 601 
Coconut charcoal, see Charcoal 
Coefficient, /, of Maxwell, 39, 40 
of accommodation, see Accommoda- 
tion coefficient 

of heat conductivity, see Thermal 
conductivity of gases 
of interdiffusion Du, method for 
determination of, 77 
relation of, to 6, 75, 76 
variation of, with temperature, 77 
of self-diffusion Du, relation for, 74 
of slip, 39, 87 

of thermal separation, definition of, 68 
relation of, to force constants be- 
tween molecules, 69 
to molecular diameters, 70 
to ratio of hot to cold tempera- 
ture, 68 

of viscosity t;, relation of, to coefficient 
of diffusion, 74 

to L, mean free path, 29, 30, 31 
to molecular diameter 6, 31, 32 
to thermal conductivity X, 45 
values of, 36, 37 

variation of, with temperature, 31, 
32, 36, 37 

Cold-cathode discharge, clean-up phe- 
nomena in, 691 

Collision cross section of molecules, see 
Number of molecules, per 
monolayer 
for electrons, 42, 43 
for molecules, 42 

Collision frequency of molecules «, 25, 36 
Collisions, rate of, per unit volume, 37, 38 
Columbium, solubility of hydrogen in, 
574, 585 

Condensation, accommodation coeffi- 
cient for, 20, 404, 442 
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Condensation pump (Langmuir), 184 
Conductance F, see Flow of gases 
for cylindrical tubes, as a function of 
a/p, 113, 114, 117 

for flow of gases, at low pressures, 90 
at normal pressures, 84 
for free-molecule flow, as a function of 
Af, 94, 104 

Clausing’s factor K for, 98, 99 
experimental tests of formulas for, 

no 

of liquid-air trap, 106 
of orifices, 91, 92, 94, 95, 105 
of short tubes, 96, 98 
of slits, 102 
of tubes in series, 125 
Constitution diagrams of alloys, see 
Alloys 

Contact gettering, 656 
Conversion factors, for amount ad- 
sorbed, 391 

for amount of gas in iron, 630 
for quantity of gas, 6 
for Po, 5 

for units of pressure, 4, 5 
for viscous flow, 85 
from grsms/liter to oz/cu ft, 5 
Conversion units for solubility of gases 
in metals, 553 

Cooling trap, see Baffles; Charcoal trap; 
Liquid-air trap 
use of refrigerant with, 215 
Copper, diffusion of hydrogen through, 
616 

molten, effect of alloying metal on 
solubility of hydrogen in, 564 
solubility of sulfur dioxide in, 605 
rate of oxidation of, see Oxidation 
solubility of hydrogen in, 563 
solubility of oxygen in, 601 

Decrement type of viscosity gauge, 
281 

Degassing, of cast metals, methods for, 
646 

of metals, rates of, 618, 624, 633 
Densities of gases, values of, derived 
from M, 7, 19 

Density of atmosphere as a function of 
height, 15 


Design of vacuum systems, 134 
Desorption, definition of, 388 
rates of, 618 

Deuterium, solubility of, in palladium, 
577 

Diameters of molecules, see Molecules 
Diffusion, and condensation, role of, in 
vapor pumps, 204 

of gases, see Coefficient of inter- 
diffusion 

in a vapor stream, Gaede's theory of, 
176 

kinetic theory of, 74 

through metals, 607 
effect of pressure and temperature 
on, 609 

effect of surface treatment on, 
613 

rates, 611 

through quartz and glasses, 531, 
534, 536 

of hydrogen through palladium, 611, 
612 

thermal, see Thermal diffusion 
Diffusion constant for air in mercury 
vapor, 178 

Diffusion constants, for gases in metals, 
618 

for oxygen in oxide coatings, 846 
Diffusion pump of Gaede, 182 
Dispersal gettering, 656 
Displacement, free air, of pump, 136 
Dissociation, degree of, for water vapor, 
796, 801 

of chlorine by hot filament, 679 
of hydrogen by hot filament, 677 
of oxygen by hot filament, 680 
Dissociation pressures, of hydrides, 828 
of nitrides, 830 
of oxides, 796 

Distillation, effect of pressure on rate of, 
23 

in vacuum, rate of, 23 
Distribution function, for energy, 12 
for velocities, 9, 12 

Distribution law for particles, with 
height, 15 

Distribution laws for molecular veloci- 
ties, 9 

Dubrovin gauge, 263 
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Effusion, rate of, through an orifice, 21 
through a porous diaphragm, 118 
Ejector pump, design of oil-vapor, 
236 

Ejector pumps, steam-jet, 169 
Electrical clean-up, in cold-cathode 
discharge, 691 
by sputtering, 696 
in electrodeless discharge, 692, 698 
in hot-cathode discharges, 704 
at very low pressures, 724 
effect of magnetic field on, 726 
effect of voltage on, 726 
mechanism of, 708 
rate of, 707, 727 

relation of, to glow potential, 712 
to ionization, 709 
in ionization gauge, 729 
in vacuum incandescent lamps, 716 
of gases, 687 

Electrical discharges, clean-up and gas 
evolution in, 713 
Electron, charge of, 8 
Electron emission, from hot cathodes, 
699 

from tungsten, effect of oxygen on, 
372 

Electrons, velocity of, in relation to 
potential drop, 689 

Energy, free, and total, for chemical 
equilibria, 793 

for formation of water vapor, 798 
of evaporation, relation of, to vapor 
pressure, 741 
of reactions, 793 

total, of evaporation, see Heats of 
evaporation 

Energy levels in atomic spectra, 690 
Energy loss due to thermal conduction, 
see Thermal conductivity of 

of molecules, average, 2 
distribution law for, 12 
Equation of state, for ideal gases, 2, 3 
for monolayer, 417 
of van der Waals, 41, 417 
Equilibrium constants, for carbon-car- 
bon dioxide reaction, 824 
for dissociation of methane, 824 
for dissociation of water vapor, 801 


Equilibrium constants, for hydrogen- 
carbon dioxide reaction, 824 
for reduction of oxides by hydrogen, 
see Oxides 

Esters for oil-vapor pumps, formulas for, 
220 

vapor pressures of, 222 
Evaporation, free energy of, in relation 
to vapor pressure, 796 
of metals in vacuum, filament ma- 
terials for, 761 

rate of, effect of pressure on, 78 
in relation to vapor pressure, 18 
rates of, of alloys, 764 
Exhaust, rate of, through orifice or tube, 
121 

speed of, 129 
time constant for, 123 
Exhaust pressure of pump, 128 
Expansion of wire, use of, in low-pres- 
sure gauge, 330 

Faraday constant F, 8 
Film theory of heat conduction of gases, 
69, 63 

Film thickness for heat conduction from 
wires, 61, 64 

Flow, of air, rate of, through cylindrical 
tube, as a function of o/L, 113 
of gases, see Conductance F 
at intermediate pressures. 111 
free-molecule, 90 

rate of, units for measurement of, 6 
through porous diaphragms, 118 
turbulent, 89 
viscous, 84 

Force constants in law, 70 
Free air displacement of pump, 136 
Free-molecule flow, of gases, 90 
through an orifice, spatial distribution 
of, 167 

Free-molecule heat conductivity, 62 
values of, 53 

Free path of molecules, distribution law 
for, 24 

Gas, density of> relation for, 7 
mass of, incident per cm* per sec, 19 
quantity of, units for m^urement of, 
6 
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Gas constant Ro^ S 

Gas discharge, distribution of potential 
in cold-cathode type of, 687 
use of, to indicate low pressures, ^S8 
Gaseous mixtures, separation of, by 
effusion, 21 

by porous diaphragm, 110 
by thermal diffusion, 67 
Gases, amount of, in cast metals, 644 
Charles^ law for, 3 
content of, in glass, see Glasses 
diffusion of, through metals, 607 
through quartz and glasses, 531 
flow of, see Flow of gases; Conduct- 
ance F 

in metals, amount and composition of, 
624, 633 

methods for analysis of, 648 
law of ideal, 1 

low-temperature distillation method 
for analysis of, 650 

sorption of, by chabasite, see 
Chabasite 

by charcoal, see Charcoal 
by metals, 552; see also under 
different gases 
by silica gel, see Silica gel 
specific heats of, 46 
units for solubility of, in metals, 
553 

values of densities of, derived from M, 
19 

values of 7 for, 46 
van der Waals equation for, 41 
Gauge, absolute, for determination of 
vapor pressures, 276 
Gauges, 366 
decrement type of, 281 
heat conductivity, 313 
involving linear expansion of wire, 330 
ionization, 332; see also Ionization 
gauges 
Knudsen, 294 

DuMond and Pickels form of, 302 
Hughes form of, 305 
Klumb-Schwarz form of, 305 
Lockenvitz form of, 303 
Shrader and Sherwood form of, 299 
Woodrow form of, 297 
mechanical type of, 272 


Gauges, mercury, McLeod type of, 264; 
see also McLeod gauge 
Rayleigh form, 260 
sensitive forms of, 263 
Shrader and Ryder optical lever, 

261, V 262 

molecular, 291 
Molvakumeter type of, 309 
Pirani-Hale, 318 
Reimann design of, 326 
Thompson-Hennelly modification 
of, 323 

quartz fiber, 284 
quartz spiral form of, 273 
quartz surface, 286 
radiometer (Knudsen) type of, 293 
theory of, 310 

ranges of pressure for different types 
of, 367 

thermistor, 329 
thermocouple, 315 

thin-wall type of, design by Foord, 
214 

design by Grigorovici, 274 
design by Scheel and Heuse, 275 
viscosity type of, 279 
Getter, type C-400 barium-aluminum, 
736 

use of phosphorus as, 716, 720 
Getters, application of, in vacuum tech- 
nique, 654; cilso Chemical 
clean-up 

batalum, 666, 668 
contact type of, 656 
disperse type of, 656 
KIC, 666, 668 
technical, 668 

Gibbs-Helmholtz relation, 794 
Glass, adsorption of gases on, 527 
adsorption on, 413 

evolution of hydrogen chloride from, 
531 

sorption of water vapor by, 528, 530 
Glasses, bake-out schedule for (Lang- 
muir), 511 

composition of, in relation to gas con- 
tent, 517, 521, 525, 526 
diffusion of gases through, 531 
evolution and sorption of gases by, 
509, 512, 524 
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Glasses, gas evolution from, after evac- 
uation, 516 

used in vacuum devices, composition 
of, 527 

Glow potential, see Electrical clean-up 
Gram-molar volume F, 3 
Graphite, amount and composition of 
gases in, 636 

Greases for use in vacuum technique, 
vapor pressures of, 790 

Halides, vapor pressures of, 780 
Heat, mechanical equivalent of, J u, 6 
of adsorption, differential and integral, 
448 

of carbon dioxide on charcoal, 447 
of oxygen on charcoal, 447 
of water vapor on charcoal, 485 
on metal surfaces, 449 
(sorption), 390, 44^ 
relation of, to boiling point, 449 
to heat of evaporation, 446, 449 
of evaporation, of carbon, 753 
relation of, to heat of sorption, 446 
of solution, of oxygen in cobalt, 603 
of sulfur dioxide in copper, 606 
of sorption of water vapor by cellulose, 
544 

Heat conductivity gauges, see Gauges 
Heat conductivity of gases, see Thermal 
conductivity of gases 
Heats, of evaporation for metals, 756 
relation of, to vapor pressures, 742 
of formation of hydrides, 588 
of formation of hydrogen alloys, 588 
of solution of hydrogen in metals, 591 
of Group A, 554 
Henry's law, 401, 473 
Ho coefficient for speed of vapor pump, 
168, 200, 245, 246 

Hot-cathode discharges, clean-up in, see 
Electrical clean-up 

Hot cathodes, electron emission from, 
699 

space-charge phenomena at, 701 
Hydrides, dissociation pressures of, 8^8 
heats of formation of, 588 
Hydrogen, activated adsorption of, on 
tungsten, 551 

clean-up of, by tantalum, 686 


Hydrogen, diffusion of, through metals, 
611 

dissociation of, 677 
embrittlement of metals by, 64 O 
equilibrium constants for reduction of 
oxides by, 797; see also Oxides 
heat of reaction of, with palladium, 
576, 579 

heat of sorption of, by iron, 558 
by metals, 554, 591 
by molybdenum, 568 
by nickel, 560 
by platinum, 570 
by silver, 571 

in metals, effect of, on electrical re- 
sistance, 588 

theory of solubility of, 589 
isobars for solubility of, in metals of 
Group A, 571 
in metals of Group B, 573 
isotherms for solutions of, in titanium, 
581 

in vanadium, 582 
reduction of oxides by, see Oxides 
solubility of, in aluminum, 569 
in chromium, 568 
in cobalt, 562 
in columbium, 574, 584 
in copper, 563 
in iron, 555 

in iron-manganese alloys, 567 
in iron-molybdenum alloys, 568 
in iron-vanadium alloys, 583 
in manganese, 565 
in metals, effect of temperature on, 
554 

in metals of Group A, 558 
in metals of Group B, 572, 
in molten copper alloys, 564 
in molybdenum, 568 
in nickel, 559 
in palladium, 575 
in palladium alloys, 580 
in palladium-like metals, 591 
in platinum, 570, 592 
in platinum black, 593 
in rare-earth metals, 574, 585 
in silver, 570 
in tantalum, 574 
in thorium, 574, 587 
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Hydrogen, solubility of, in titanium, 674 
in vanadium, 574 
in zirconium, 574, 583, 585 
sorption of, by metals, effect of pres- 
sure on, 554 
by palladium black, 593 
types of interaction of, with metals, 
552 

Hydrogen alloys, heats of formation of, 
588, 591 

Hydrogen-palladium system, isotherms 
for, 576 
theory of, 578 

Ice, vapor-pressure data for, 782 
Incandescent filaments, clean-up by, 673 
Ionization, probability of, 351 
Ionization gauge, electrical clean-up in, 
729 

interchange phenomena in, 729 
Ionization gauges, 3S£ 

Alphatron type, 347 
Barkhausen oscillations in, 340 
calibration of hot cathode, 349 
control circuits for, SS9 
control types of circuit for, 334 
Dushman-Found design of, 336 
Fogel, design of, 344 
Jaycox-Weinhart, design of, 341 
Morse-Bowie, design of, 343 
Penning cold-cathode, 345 
Iron, diffusion of hydrogen through, 617 
rate of oxidation of, see Oxidation 
solubility of hydrogen in, 655 
solubility of nitrogen in, 596 
solubility of oxygen in, 601 
Isobar, definition of, 390; see also 
Adsorption 

Isostere, definition of, 390; see also 
Adsorption 

Isosteres for sorption of water vapor by 
sugar charcoal, 483 
Isotherm, see Adsorption isotherm 
Isotherms for sorption of water vapor by 
sugar charcoal, 484, 485 

Jets, design of, for oil-vapor pumps, 341 

Katharometer, 48, 76 

Kelvin temperature scale, 3, 6 ! 


Kinematic viscosity, 35 
Kinetic theory of gases, derivation of 
relation for pressure, 2 
fundamental postulates of, 1 
Knudsen gauge, 394] see also Gauges, 
Knudsen 

Lamps, vacuum incandescent, clean-up 
in, 716 

Lanthanum, solubility of hydrogen in, 
574, 586 

Law, of distribution, for energy, 12 
for free paths, 25 
for molecular velocities, 9 
for particles, with height, 15 
of repulsive force between molecules, 70 
Leak detectors, 370 
use of halogen in positive-ion type of, 
385 

use of helium ionization gauge for, 
376 

use of hydrogen ionization gauge for, 
374 

use of mass spectrometer for, 377 
use of oxygen in, 372 
use of Pirani gauge for, 371 
Light, velocity of, 8 
Liquid air, boiling point of, 786 ^ 788 
Liquid-air trap, conductance of, for flow 
of gases, 106 

design of low-resistance, 215 
substitutes for, 216 

Logarithmic decrement of viscosity, defi- 
nition of, 282 
Loschmidt number, 8 
Low-temperature distillation method of 
gas analysis, 650 

Magnetic field, effect of, on electrical 
clean-up, 726 

Manganese, solubility of hydrogen in, 
565 

Manometers for low pressures, 368; see 
also Gauges 

Mass spectrometer, use of, for leak de- 
tection, 377 

McLeod gauge, 364; see also Gauges 
calibration of capillary of, 270, 271 
constants for different dimensions of, 
267 
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McLeod gauge, determination of pres- 
sure of condensible gases by, 269 
extremely sensitive design of, 268, 269 
method for, eliminating sticking of 
mercury in, 268 
Pfund’s modification of, 271 
sticking of mercury in capillary of, 267 
swivel form of, 271, 272 
Mean free path, L, see also Free path of 
molecules 

as reciprocal of absorption coeffi- 
cient, 25 

calculation of, from velocity of 
sound, 35 

effect of temperature on, 32 
experimental determination of, 26 
in gaseous mixtures, 38 
relation of, to coefficient of vis- 
cosity, 28, 33 

to molecular diameter, 31, 32 
to pressure, 33 
values of, 36 

of air in mercury vapor, 184, 187, 206 
of air in oil vapors, 225 
of electron, 42, 338 
of ion, 338 

Mechanical equivalent of heat /is, 6 
Mercury, vapor-pressure data for, 782 
Mercury manometers, 260 
Merit factor of pumps, 136 
Metals, amount and composition of gases 
in, 6SS 

amount of gases in cast, 644 
determination of oxygen in, 637 
diffusion of gases through, 611 
embrittlement of, by hydrogen, 640 
methods for vacuum distillation of, 767 
methods of analysis of gases in, 648 
methods of degassing of, 646 
sorption of gases by, 552 
sorption of hydrogen by, 563] see also 
Hydrogen 

vapor-pressure data for, 755, 754 
Methane, degree of dissociation of, 824 
Mica, adsorption on, 407 
Microbar, unit of pressure, 4 
Mixture of gases, separation of compo- 
nents in, by effusion, 110 
by thermal diffusion, 67 
Molecular areas, values of, 469 


Molecular beams, 27 
Molecular diameter 5, from coefficient 
of interdiffusion, 76 
from density, 42, 43 
from van der Waals constant, 42, 43 
relation of, to coeflBicient of viscosity, 
32 

to mean free path, 51, 32 
Sutherland relation for, 32 
values of, 36, 43 
Molecular gauge, 291 
Molecular heat conductivity, values of, 
53 

Molecular pumps, see Pump; Pumps 
Molecular velocities, average values of, 
10, 19 

distribution laws for, 9 
most probable values of, 10 
relation of, to velocity of sound, 13 
root-mean square values of, 10 
Molecules, average kinetic energy of, 2 
collision cross section of, for electrons, 
43 

collision-frequency of, w, 34, 36 
dimensions of, from sorption data, 506, 
507 

masses of, 19 
number of, per cm^, 9 
per monolayer, 36, 43 
random (Brownian) motions of, 81 
rate of incidence of, per cm*, 17, 19 
repulsive force constants for, in mix- 
tures, 70 

Mol-fraction, definition of, 765 
Molvakumeter, 309 

Molybdenum, reactions of, with gases, 
676, 679 

solubility of hydrogen in, 568 
solubility of nitrogen in, 599 
Momentum, rate of transfer of, in gas at 
low pressure, 39 
in gas at normal pressure, 29 
Monolayer, definition of, 388 
equation of state for, 417 
equivalent volume for, 391 
number of molecules per, 391, 459 
Multimolecular adsorption, 4^5, 481 
Multimolecular adsorption method for 
determination of surface of 
adsorbents, 486 
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Newton, unit of force, 4 
Nickel, rate of oxidation of, see Oxidation 
solubility of hydrogen in, 559 
Nitrides, dissociation pressures of, 830 
Nitrogen, active, 694 
clean-up of, by molybdenum, 676 
by tantalum, 683 
by tungsten, 675 
diffusion of, through metals, 611 
solubility of, in aluminum, 600 
in iron, 596 
in molybdenum, 599 
in tungsten, 599 
in zirconium, 600 

sorption isotherms for, by charcoal, 
392 

Nitrogen-oxygen mixtures, boiling points 
of, 786 

Non-condensible gases, vapor-pressure 
data for, 785, 786 

Number of molecules, per monolayer, 
Ns, 36, 43, 391, 412, 459 
per unit volume, 9 

Occlusion, definition of, 388; see also 
Solubility 

Oil, vapor pressures of commercial, 789 
Oils for vapor stream pumps, 220, 222 
adsorption of, on metals, 225 
conditioning of, 223 
silicones, 3S3 
stability of, 223, 249 
ultimate pressures of, 224, 251 
vapor pressures of, 221, 222 
Optical-lever mercury manometers, 261, 
262 

Oxidation, effect of pressure on rate of, 
839 

ionic theory of rate of, 852 
linear law for rate of, 836 
logarithmic law for rate of, 848 
parabolic law for rate of, 837 
rate of, for iron, 840 
Oxide, of magnesium, reaction of, with 
tungsten, 827 

of mercury, dissociation pressures of, 

803 

of palladium, dissociation pressures of, 

804 

of silver, dissociation pressures of, 803 


Oxides, composition of, for layers on 
copper, 839 • 

for layers on iron, 839, 841 
for layers on nickel, 839 
for layers on steel, 849 
equilibrium constants for reduction of, 
by hydrogen, 797 

of chromium, dissociation pressures of, 
813, 820, 844 

reduction of, by hydrogen, 814, 821 
of cobalt, dissociation pressures of, 818 
reduction of, by hydrogen, 818 
of copper, dissociation pressures of, 
806 

reduction of, by hydrogen, 805 
of iron, dissociation pressures of, 810, 
844 

reduction of, by hydrogen, 810 
of manganese, dissociation pressures of, 
819 

reduction of, by hydrogen, 819 
of molybdenum, reduction of, by hy- 
drogen, 821 

of nickel, dissociation pressures of, 817 
reduction of, by hydrogen, 817 
of tungsten, reduction of, by hydrogen, 
821 

porosity of, in relation to rate of 
oxidation, 835 

reduction of, by carbon, 638, 826 
. by carbon monoxide, 826 
by reducing atmospheres, 822 
vapor pressures of, 778 
Oxygen, activated adsorption of, on 
tungsten, 551 

clean-up of, by tantalum, 685 
by tungsten, 673 
determination of, in metals, 637 
diffusion constants for, in oxide coat- 
ings, 846 

diffusion constants of, through silver, 
611 

dissociation of, 680 
effect of, on emission from tungsten, 
372 

reaction of, with carbon, 682 
solubility of, in cobalt, 601 
in copper, 600 
in iron, 601 
in silver, 603 
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Palladium, diffusion of hydrogen through, 
611, 612, 616 

solubility of hydrogen in, 674, 676 
Palladium black, preparation of, 694 
sorption of hydrogen by, 693 
use of, in clean-up of gases, 696 
Palladium-hydrogen system, isotherms 
for, 676 
theory of, 678 

Paper, sorption of water vapor by, sec 
Cellulose 

thermal decomposition of, 646 
Parabolic equation for adsorption iso- 
therm, S96 

Permeability, for gases, definition of, 532 
of porous diaphragms, 120 
of Pyrex for gases, values of, 534 
of silica for gases, values of, 534 
Persorption, definition of, 507 
Philips ionization manometer, 345 
Phosphorus, mechanism of clean-up by, 
720 

use of, as getter in vacuum lamps, 
716 

Physical adsorption, see Adsorption 
Pirani gauge, 318; see also Gauges 
Platinum, solubility of hydrogen in, 
670, 592 
Poiseuille law, 84 

Porous diphragms, rate of flow of gases 
through, 118 

separation of gases by, 110 
Positive ions, velocity of, in relation to 
cathode drop, 689 

Potential theory, application of, to 
adsorption, 4^1 

Pressure, effect of, on rate of evaporation 
of metals, 78 

on sorption of hydrogen by metals, 
564 

kinetic-theory relation for, 2, 3 
units of, 4, 5 

variation of, with height of atmos- 
phere, 16, 16 

Pressures, measurement of low, see 

production of extremely low, 730 
use of gas dis^pharge as indicator of 
low, m 

Probability of ionization, 361 


Pump, degree of vacuum attainable with, 
128 

exhaust pressure of, 128 
oil-vapor, simple form of, 219 
speed of, 129 

methods for determination of, 169 
Pumps, mechanical type, 136 
Cenco High-vacuum, 141" 
free air displacement of, 136 
Gaede molecular, 161 
Gaede rotary mercury, 138 
Gaede rotary oil, 139 
Geissler-Toepler, 137 
Holweck molecular, 154 
Kinney rotary oil, 142 
merit factor of, 136 
Siegbahn molecular, 155 
Sprengel mercury, 137 
Stokes Micro vac, 144 
Welch Duo-seal, 144 
mercury- vapor, Alexander, 211 
arc type of, 189 
Copley, 202 
Crawford, 190 

diffusion and condensation in, 304 
divergent nozzle types, speeds of, 
204 

effect of fore-pump pressure, on fine 
pressure of, 196 
on speed of, 195 

effect of heater watts, on fine pres- 
sure of, 193 
on speed of, 213 

effect of nozzzle design on speed of, 
198 

Estermann-Byck, 199 
Gaede diffusion, 183 
Ho coefficient for speed of, 200 
Langmuir condensation, 184 
Kurth-Ruggles, 191 
multistage, 191 

performance characteristics of, 193 
scattering of vapor at nozzle of, 207 
oil-vapor, booster type, 235, 239 
conditioning of, !^3 
design of baffles for, 246, 248 
design of jets for, 34U 243 
Eimac type, 239 
ejector design, 236 . 

Embree jet for, 244 
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Pumps, oil-vapor, fractionating type, 
224, 230 

of Distillation Products, Inc., 232, 

237 

of Malter and Marcuvitz, 230 
of National Research Corporation, 

238 

liquids for use in, 220, 222 
Metro vac type, 241 
non-fractionating type, ^^6 
Copley et alii, 230 
Estermann and Byck, 228 
Zabel, 229 

steam-jet, ejector, 169 

Quantity of gas, units for measurement 
of, 6 

Quartz, diffusion of gases through, 531 
Quartz fiber gauge, 284 
Quartz powder, sorption of water vapor 
by, 508, 509 

Quartz surface gauge, 286 
calibration curves for, 289 

Radiometer type of gauges, theory of, 
294, 310; see also Knudsen 
gauge 

Random motions of molecules, 81 
Raoult, law of, 764 

Rare gases, clean-up of, in cold-cathode 
discharge, 697 

Rate, of degassing of wire, 621 
of distillation, variation of, with pres- 
sure, of gas, 23 

of evaporation, effect of pressure on, 
78, 80 

relation of, to vapor pressure, 18 ^ 
742 

of exhaust through tubes and orifices, 

m 

of flow as a function of the pressure, 
111, 118; also Flow of gases 
of incidence of molecules, 17, 19 
of sorption, by adsorbents, 451 
in capillaries, 453 

Rates, of evaporation of metals and 
carbon, 743 

of oxidation, see Oxidation 
of sorption and desorption, 618 
Ratio CpJCpf values of, 46 


Reducing atmospheres, composition of, 
825 

equilibrium constants for reduction 
of iron oxide by, 824 
Reduction of oxides, see Oxides; Equilib- 
rium^ constants 
by carbon monoxide, 826 
Resistance of tubes and orifices to flow of 
gases, see Conductance F 
Reynolds number, 89 
Rotating disk type of gauge, 291 

Self-diffusion of a gas, see Diffusion 
Separation of gases, by effusion, 21 
by thermal diffusion, 67 
Silica, adsorption on, 414 
Silica gel, and silicates, sorption by, 4^3 
sorption of argon by, 499 
sorption of carbon dioxide by, 498, 499 
sorption of water vapor by, 499, 500, 
501 

Silicone oils, chemical composition of, 
253 

speeds of pumps with, 256 
use of, in vapor pumps, 253^ 255 
vapor pressures of, 254 
Silver, adsorption on, 394 
diffusion of oxygen through, 611 
solubility of hydrogen in, 570 
solubility of oxygen in, 603, 604 
Size of molecules, see Molecular di- 
ameter 6 
Skanascope, 260 

Solubility, of gases in metals, see under 
individual metals and gases 
of hydrogen in metals, 552; see also 
Hydrogen 
theory of, 589 

Sorption, by glass, see Glass 
definition of, 387; see also Absorption; 

Adsorption; Solubility 
heat of, see Heat of adsorption 
Henryks law for, 401 
of hydrogen by metals, 552; see also 
Hydrogen 
rate of, 451, 618 
in capillaries, 453 

Sound, relation of velocity of, to mean 
free path, 35 

to molecular velocities, 13 
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Space-charge phenomena in hot-cathode 
devices, 701 

Specific heats of gases, values of, 46 
Spectral lines, theory of origin of, 690 
Speed, of exhaust for diffusion pump, 
178, 181 

of pump, definition of, 129 
effect of streaming on determination 
of, 166 

for different oils and mercury, 256, 
257 

Ho coefficient for, 200 
intrinsic, 130; see also Pumps 
methods for determination of, 159 
Sputtering in cold-cathode discharge, 696 
Steam-jet ejector pumps, 169 
Steel, rate of oxidation of, see Oxidation 
Streaming, of gas through an orifice, 
spatial distribution in, 167 
of mercury vapor through a nozzle, 
206, 208 

Substitutes for liquid-air trap, 216 
Sulfur dioxide, solubility of, in molten 
copper, 605 

Surface of adsorbents, see Adsorbents 
Sutherland constant, see Molecular di- 
ameter 

definition of, 32 
values of, 36 

Tantalum, effect of dissolved gases on 
resistance of, 685 

solubility of hydrogen in, 574, 586 
Temperature, effect of, on adsorption, 
454 

on sorption of hydrogen ,by metals, 
689 

Temperature scale, of Kelvin, 2 
of Rankine, 5 

Thermal conductivity of gases, at low 
pressures, 48 ^ 52, 53 
at normal pressures, 44 
film-theory of, 59 
kinetic-theory relation for, 44 
values of, 46, 49 

variation of, with temperature, 46, 60 
Thermal diffusion, 67 
application of, to separation of iso- 
topes, 72 

coefficient of thermal separation in, 68 


Thermal separation, coefficient of, see 
Coefficient of thermal separa- 
tion 

Thermal transpiration, 66 
effect of pressure on, 67 
Thermionic emission, see Electron emis- 
sion 

Thermionic halogen vapor detector, 385 
Thermistor gauge, 329 
Thermomolecular flow, 65 
Thorium, solubility of hydrogen in, 
574, 587 

Time constant for exhaust, 123 
Titanium, chemical clean-up by, 670 
Titanium-hydrogen system, isotherms 
for, 581 

Tor (Torr), unit of pressure, 4 
Trouton constant, 755 
Tungsten, reactions of incandescent, 
with gases, 676 
solubility of nitrogen in, 599 
sorption of hydrogen by, 395 
Turbulent flow of gases, 89 

Units, of pressure, 4, 5 
of quantity of gas, 6; see also Conver- 
sion factors 

Vacuscope, 272 
Vacustat, 272 

Vacuum, production of very high, 730 
Vacuum cut-off, use of amalgams in, 217 
Vacuum systems, design of, 134 
use of charcoal in, 493 
van der Waals constant 6, 41 
relation of, to molecular diameter, 41 
van der Waals equation for gases, 41, 417 
Vanadium-hydrogen system, isotherms 
for, 582 

Vapor pressure, relation of, to free 
energy, 741, 795 
to rate of evaporation, 18, 740 
variation of, with temperature, 740 
Vapor-pressure data, for beryllium, 747, 
754 

for carbon, 748, 753 
for commercial oil, 789 
for metals, 743 

Vapor pressures, at low temperatures, 
781 
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Vapor pressures, at low temperatures, 
of ice, 782 
of mercury, 782 
of non-condensible gases, 785 
of rare gases, 784, 785 
of solid carbon dioxide, 783, 784 
of alloys, 
of halides, 780 

of oils, absolute method for determina- 
tion of, 277 

for vapor-stream pumps, 222 
of oxides, 778 
of silicones, 254 
of waxes and greases, 790 
temperatures corresponding to given, 
748, 755, 756 

Vapor-stream pumps, see Pumps 
Velocities of molecules, see Molecular 
velocities 
Velocity, of light, 8 
of sound, 13, 35 

Viscosity, coefficient of, see Coefficient 
of viscosity 
kinematic, 35 

Viscosity gauges, see Gauges 
Viscous flow, see Flow of gases 


Water vapor, free and total energy for 
formation of, 798, 807 
rate of evolution of, from cellulose, 
544, 545 

sorption and desorption of, in cellulose, 
588 

sorption of^, see under individual ad- 
sorbents 

by charcoal, 482 
by different adsorbents, 500 
by glass, 528 
by quartz, 508 
by silica gel, 499, 500, 501 
by silicates, 508 

Water-vapor cycle in tungsten lamp, 
679 

Waxes for use in vacuum technique, 790 
Wood charcoal, see Charcoal 
Wood pulp, sorption of water vapor by, 
see Cellulose 

Zeolites, sorption by, see Chabasite 
Zirconium, chemical clean-up by, 670 
solubility of hydrogen in, 574, 583, 
585 

solubility of nitrogen in, 600 
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